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SUBSTRATE SPECIFICITY OF AMINE OXIDASE 
By GORDON A. ALLES anp ERIK V. HEEGAARD* 


(From the Pharmacological Laboratory, University of California Medical School, San 
Francisco, and the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, November 2, 1942) 


The tyramine oxidase activity of liver extracts found by Hare (1), the 
aliphatic amine oxidase activity of brain, kidney, and liver extracts ob- 
served by Pugh and Quastel (2), and the adrenalin oxidase activity of 
similar extracts noted by Blaschko, Richter, and Schlossmann (3) were 
brought under a common enzyme view-point by the latter authors. They 
were able to show (4) that extracts of brain, intestine, kidney, and liver 
from a number of mammals or representatives of the birds, reptiles, 
amphibians, and fishes all acted to absorb oxygen in the presence of several 
amine substrates. Hare (1) had shown that tyramine and phenethylamine 
form ammonia in the course of such oxidations, and Richter (5) showed 
that an ethylamino and a dimethylamino compound, as well as a number 
of methylamino and amino compounds, all yield the corresponding alkyl- 
amines or ammonia in the enzymic oxidation. 

The conclusion that the demonstrated variety of such enzymic activity 
can be ascribed to the presence of only a single type of amine oxidase was 
dependent in large part on observations that the relative activiffes of a 


preparation from one source on a series of substrates bear some relation 
to the relative activities exhibited by a preparation from another source. 
Further evidence depended upon the action of certain amines as inhibitors 
and apparent competition between substrates when two oxidizable sub- 
strates are present in the system. The degree to which the relative activi- 


ties of different enzyme preparations were constant in a series of substrates 
was not good in the data reported, and the fact that Hare (1) had not been 
able to note activity of the liver preparations she used upon adrenalin as 
the substrate appeared to require special explanations. 

After the present work was begun, it became obvious that relative to 
activity based on use of tyramine as substrate activity differences are 
notable on other substrates with liver extracts derived from different animal 
species. It appeared very desirable to attempt purification of the crude 
extracts used to see whether during the process changes would result in the 
relative activity when tested on a series of substrates. Another object 
of purification was to prepare material suitable for trial injection into 

* Present address, Institute of Pathology, Western Pennsylvania Hospital, Pitts- 
burgh, Pennsylvania. 
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animals made hypertensive, an experiment which was carried out in idea 
by Schroeder (6) but with doubtful adequate activity of the enzyme used. 

The degree of purification achieved after very considerable work was 
not very great, but an effective and rapid separation from readily dialyzable 
substances and materials that are soluble at pH 6 was developed. The 
activity of such partially purified preparations was determined with con- 
siderable precision on a number of substrates to determine the effect on 
the oxidative reaction of small but important changes in the structure of 
aliphatic, phenylaliphatic, and substituted phenylaliphatic amine sub- 
strates. Such observations form a basis for consideration of the deamina- 
tion of these various amines by the liver when they naturally occur or are 
introduced in the body, an idea that has been partially developed for some 
phenylaliphatic amines by Beyer and Lee (7). The kinetic equilibrium 
constants for amine oxidase and its amine substrates here reported may be 
expected to form bases for ideas of the combination of these same amines 
with physiologically active receptor mechanisms. 

Species Variance of Amine Oxidase—Crude enzyme preparations were 
made by grinding livers of freshly killed animals with 4 ml. per gm. of 
0.2 m phosphate buffer, pH 7.0, then screening to remove fiber, and centri- 
fuging in a supercentrifuge. The test system consisted of 2.0 ml. of the 
enzyme solution, 0.3 ml. of 0.1 M sodium cyanide, and 0.2 ml. of a 0.1 m 
solution of amine salt (chloride or sulfate). Oxygen uptake was measured 
at 30° with the usual Warburg technique, with readings every 5 minutes. 
From plots of the data, maximum rates of oxygen uptake were determined 
and calculated into terms of per cent based on the initial rate of oxygen 
uptake of phenethylamine. The data of Table I are averages of two sets 
of experiments for each animal species. 

The extent to which the data of Table I are comparable to the data given 
by Blaschko, Richter, and Schlossmann (4) for certain of these substrates 
when acted on by guinea pig or other liver preparation is impossible to 
determine. The observations here are corrected for the oxygen uptake of 
the blank, which was very small in all cases owing to working promptly 
with fresh extracts only. Aside from minor differences in the pH and 
temperature of observation, wholly different comparative values may 
result with certain types of substrate by taking only initial rates as the 
basis of observation instead of periods of as long as 1 hour. Most notably 
with the aliphatic amines, the rate of oxygen uptake decreases with time. 
With the substrate concentrations used, the falling off of rate with any of 
the substrates appears unrelated to disappearance of substrate or of 
enzyme, and is probably an inhibition of enzyme by reaction products, 
as found by Hare (1). Whatever the cause, it is apparent that maximum 
rates of oxidation are most likely to give a clearer picture of the substrate 


specificity (see Fig. 1). 








n 
e 








G. A. ALLES AND E. V. HEEGAARD 489 


Purification of Amine Oxidase—Preparation of a cell-free solution of the 
enzyme from rabbit liver extract by adsorption on kaolin and elution of 
the product was mentioned by Hare (1). Kohn (8) found the enzyme to 
be precipitated from pig liver extract at a reaction acid to methyl red and 
the insoluble material with which it was associated to be resuspendable at 
pH 7 to 8. Amine oxidase activity has only been observed in the present 


TaBLeE I 


Liver Extract Oxidations; Maximum Oxidation Rates (Per Cent) Relative 
to Phenethylamine 


At 30° with 0.008 mM amine substrates in phosphate buffer, pH 7.0. 


Rabbit Guinea pig Cat Cattle 
Ethylamine 0 0 20 «| 5 
Butylamine 50 100 90 110 
Amylamine 110 140 110 85 
Hexylamine 120 80 90 85 
Heptylamine 130 70 100 85 
Benzylamine 30 10 100 130 
Phenethylamine 100 100 100 100 
Phenpropylamine 110 30 90 105 
Phenethanolamine 30 30 55 5 
Phenethylmethylamine 105 120 105 65 
3-Hydroxyphenethylamine 70 199 110 95 
1-Hydroxyphenethylamine (tyramine) 90 200 120 130 
+-Hydroxyphenethylmethylamine. 65 160 80 85 
1-Hydroxyphenethanolmethylamine  (syn- 
ephrine) 25 70 40 5 
4-Hydroxyphenethyldimethylamine (hor- 
denine) 30 10 45 80 
3,4-Dihydroxyphenethylamine (hydroxy- 
tyramine) 65 200 80 85 
3,4-Dihydroxyphenethylmethylamine (epi- 
nine) 65 180 30 65 
3,4-Dihydroxyphenethanolamine (arte- 
renol) 25 40 20 5 
3,4-Dihydroxyphenethanolmethylamine (dl- 
epinephrine) 15 40 20 5 
1-3,4-Dihydroxyphenethanolmethylamine 
(epinephrine) 25 40 20 5 


work in turbid “solutions,” and in general the activity and turbidity of 
freshly prepared extracts seemed to be proportional. With salts present, 
the amine oxidase activity cannot be centrifuged out if the pH is 7 or 
higher, and only partially at lower pH values. If salts are removed by 
dialysis and the pH adjusted to 6.0, a flocculent precipitate separates that 
contains almost all of the amine oxidase activity present. Washing this 
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precipitate with water adjusted to pH 6.0 removes a considerable amount 
of inert material with only a small loss of enzyme activity; then the pre- 
cipitate can be redispersed by addition of salts or adjustment to pH 7 or 
higher so that it cannot be removed by centrifugation in a Sharples ma- 
chine. Storage of the precipitate obtained at pH 6.0 at that acidity is apt 
to result in a decrease in “‘solubility”’ in salt solutions or at higher pH values, 
but without considerable change in activity, showing that activity is ob- 
servable with definitely insoluble particles that may be removed by cen- 
trifugation or filtration. 

The marked instability of amine oxidase outside of the pH range of 5.5 
to 8.5 greatly limits the purification procedures that may be used. Addi- 
tion of but 30 per cent alcohol completely inactivates the enzyme in a short 
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Fic. 1. Oxygen uptake in microliters against time in minutes for different sub- 
strates. At 30° with 2.0 ml. of 1:4 rabbit liver extract with 0.2 m phosphate buffer, 
pH 7.0, 0.3 ml. of 0.1 m sodium cyanide, and 0.2 ml. of 0.1 M amine salt solution. 


time, and while precipitation of the activity may also be accomplished with 
addition of ammonium sulfate to one-third saturation, such salting-out is 
not a useful purification procedure. Such salting-out results in a consider- 
able loss (25 to 40 per cent) of activity and does not offer any advantage 
over isoelectric precipitation, particularly since the high density of the 
salting-out solution makes difficult the centrifugation of the precipitate. 
Procedures involving adsorption of the activity on such agents as kaolin 
and tricalcium phosphate were tried under various conditions, but were 
not practicable because of unsatisfactory recovery of the activity from 
the adsorbates. 

Most of the purification work from which the above conclusions were 
drawn was carried out with cattle liver extracts made by grinding the fresh 
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tissue with some ice water ina Waring blendor at high speed, then making 
the mixture to 500 volumes per cent of the tissue weight. For later work, 
because of the importance of using fresh tissue for each preparation, rabbit 
liver extracts were chiefly used and the work reported in this paper without 
mention of source was carried out only with enzyme preparations from 
rabbit liver. 

As a standard in the purification work, a unit of amine oxidase activity 
was taken as the amount of enzyme which will catalyze the uptake of 1 
microliter of O2 per minute at 30° and pH 7.0 in the presence of 0.008 m 
tyramine. The protein content of the preparations was readily determined 
by pipetting 10 ml. into 20 ml. of 20 per cent trichloroacetic acid, adding 
100 mg. of diatomaceous earth filter aid, filtering after 10 minutes, washing 
the precipitate with water, then ether, and drying at 80° before weighing. 
The stability of amine oxidase preparations is fair when kept at pH 7 in 
a refrigerator at 0-5°, and only small losses in activity were usually ob- 
served during as much as a week of storage, but an increasing ability of 
the preparation to absorb oxygen without any substrate addition may be- 
come considerable after only a few days and no data are reported for 
preparations over 4 days old. The change in the preparation on storage 
appears to be due to other enzymes, as the addition of 1: 10,000 to 1: 20,000 
phenylmercuric acetate served to insure sterility without any effect on 
amine oxidase activity or its keeping qualities. 

The purified amine oxidase preparations used for study of substrate 
specificity and the kinetics of the oxidation of certain amines were made 
as follows: 

A liver from a rabbit immediately after it was killed (70 to 90 gm.) was 
ground with ice and water in a blendor; then the volume was made up to 
500 ml. and the pH adjusted to 8.0 with a glass electrode. After fiber was 
screened out, the mixture was passed twice through a Sharples super- 
centrifuge and then placed in Visking tubing and dialyzed for 20 hours 
into 10 liters of water within a refrigerator. Adjustment of the dialyzed 
solution to pH 6.0 with acetic acid yielded a flocculent precipitate which 
was centrifuged out. The precipitate was resuspended in 1 liter of distilled 
water and the pH adjusted to 6.0, the insoluble solids centrifuged off, and 
the centrifugate discarded. The solids were then resuspended in water 
with addition of some concentrated phosphate buffer solution and some 
1:1000 phenylmercuric acetate solution and exact adjustment of pH, so 
that the final solution was 250 ml. in volume and contained 0.1 m sodium 
phosphate buffer of pH 7.0 and was 1:10,000 in phenylmercuric acetate. 
This suspension which was used in the enzyme experiments was a pink-red, 
turbid fluid. 

Following a preparation through this procedure with regard to protein 
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content and enzyme activity showed 9.8 gm. of protein and 440 enzyme 
units in the original dialysate. The supernatant liquid from the precipi- 
tation at pH 6.0 contained 4.7 gm. of protein and about 35 enzyme units, 
and the wash solution contained 0.7 gm. of protein and about 25 enzyme 
units. The final enzyme solution contained 3.8 gm. of protein and 280 
enzyme units. Thus, the handling losses in this preparation amounted to 
about 6 per cent of the protein and about 20 per cent of the enzyme ac- 
tivity, but the loss was justified by the gain in activity per unit of protein 
and other total solid content. 

Combined Influence of pH and Substrate on Activity—The effect of pH on 
tyramine oxidation with amine oxidase was studied by Hare (1). The 
enzyme and substrate were mixed, the pH adjusted to different values, and 
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Fic. 2. Relative rates of oxygen uptake against pH for different substrates. The 
rates are calculated as per cent of rate of each compound at optimum pH. A, Curve 
1 butylamine, Curve 2 amylamine, Curve 3 hexylamine, Curve 4 heptylamine, Curve 
5 octylamine; B, Curve 1 phenmethylamine, Curve 2 phenethylamine, Curve 3 
phenpropylamine, Curve 4 phenbutylamine, Curve 5 phenamylamine. 


the oxygen uptake of the mixture then determined. The experiments 
indicated a pH optimum at about 9 to 10, with rapid decrease in activity 
at both higher and lower pH values; so that oxygen uptake was only about 
half of the maximum at pH 7. Interpretation of the decrease above pH 
10 is complicated in such experiments, for Hare showed that notable 
destruction of the enzyme activity occurs within 5 minutes at such high 
alkalinities. 

The pH and activity relationship was studied in the present work with 
a number of different substrates to determine to what extent it would 
vary within a series of amines. The alkylamines afford a series of com- 
pounds that are ionized in water solution to about the same extent, accord- 
ing to available data (see Alles (9)). These compounds only show a varia- 
tion in pK, at 25° from 3.34 to 3.59. As may be noted from Fig. 2, the 
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optimum pH for these compounds extends from about 8.1 for butylamine 
through a minimum of about 6.9 for heptylamine, and is around 7.1 to 7.2 
for octyl and higher amines. 

Results obtained with a series of phenalkylamines (w-phenylalkylamines) 
are also shown in Fig. 2, B and are of particular interest because good deter- 
minations of their ionization constants in water solutions are available 
from the work of Carothers, Bickford, and Hurwitz (10). Their pK, 
values vary from phenmethylamine 4.63, phenethylamine 4.17, phen- 
propylamine 3.80, phenbutylamine 3.60, to phenamylamine 3.51. The 
ionization constants of the latter two amines are within the range for 


TaBLe II 
Maximum Oxidation Rates (Per Cent) Relative to Phenethylamine 


At 30° with 0.008 m amine substrates in 0.1 m phosphate, pH 7.0. 


Enzyme Preparation A B Cc Average 
Straight chain Methylamine 0 0 | 0 0 
compounds Ethylamine 0 0 | 0 0 
Propylamine 0 0 | 0 0 
Butylamine 36 62 | 55 51 
Amylamine 101 | 102 | 116 | 106 
Hexylamine 115 104 123 114 
Heptylamine 129 122 | 130 | 127 
Octylamine 133 145 | 141 140 
| 
Branched chain) §8-Methylpropylamine | 
compounds (isobutylamine) = 4 13 10 
8-Methylbutylamine 71 82 | 95 83 
y-Methylbutylamine 
(isoamylamine) 86 100 113 100 
y-Methylamylamine 87 92 106 | | (9% 
5-Methylhexylamine | 
(isohexylamine) 98 100 113 | ~ 103 


alkylamines, indicating the effect of the phenyl group to be lost. The 
weakest of these bases, phenmethylamine, requires the most strongly basic 
environment for maximum activity, but phenethylamine falls out of any 
regular series variation in that its maximum activity is at the lowest pH 
of any of the series. It should be noted that the plot of Fig. 2 is made to 
indicate most clearly the pH variation for each compound by assigning 
100 per cent value to the maximum rate at the pH optimum for each amine 
separately, and does not indicate that the maximum oxidation rate for 
the several compounds is the same at their optimum pH. The relative 
oxidation rates for the same compounds at pH 7.0 alone are given in Tables 


II and IV. 
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Aliphatic Primary Amines As Substrates—The oxidation system con- 
sisted of 2.0 ml. of purified amine oxidase preparation in 0.1 m phosphate 
of pH 7.0 and 0.3 ml. of water, to which was added at zero time 0.2 ml. of 
0.1 mM amine salt solution. The amine salts were mostly sulfates, though 
chlorides were used on occasion without notable anion effect. Readings 
were taken every 2.5 minutes to determine accurately the form of the O, 
uptake against time relationship, and the rates recorded in the tables are 
maximum rates, often largely determined from the first few readings. A 
control of the enzyme preparation without added amine was run at the 
same time as was a comparison standard containing 0.2 ml. of 0.1 mM phen- 
ethylamine. Results were discarded if more than a negligible oxygen 
uptake was noted in the control during the course of the experiment. By 
repeating such experiments and calculating on the basis of the simultaneous 
uptake rate observed for phenethylamine average values were obtained 
as shown in Table II. 

The compounds of Table II are all primary carbinamines, and it is to 
be noted that the branched chain compounds were somewhat less actively 
oxidized than the straight chain compound of corresponding total number of 
carbon atoms. The rate of oxidation increases among the series of com- 
pounds as the branching of the chain is further removed from the amino 
group. 

A series of secondary carbinamines in which an a-methyl group was 
introduced into the series of normal alkylamines was particularly studied. 
All of the following a-methylalkylamines were found to be completely 
unoxidizable under the same conditions as described for the testing of the 
primary carbinamines: a-methylethylamine (isopropylamine), a-methyl- 
propylamine (sec-butylamine), a-methylbutylamine (sec-amylamine), a- 
methylamylamine, a-methylhexylamine, a-methylheptylamine, a-methyl- 
octylamine, a-methylnonylamine. 

A corresponding series of tertiary carbinamines in which two a-methyl 
groups were introduced into the series of normal alkylamines was also 
studied. All of the following a,a-dimethylalkylamines were completely 
unoxidizable under the same conditions: a ,a-dimethylethylamine (tert-butyl- 
amine), a,a-dimethylpropylamine (tert-amylamine), a,a-dimethylbutyla- 
mine, a,a-dimethylamylamine, a,a-dimethylhexylamine, a,a-dimethyl- 
heptylamine. 

Although Bhagvat, Blaschko, and Richter (11) noted no oxidation of 
eadaverine or putrescine by crude extracts of guinea pig intestine and liver, 
it appeared desirable to extend the observations to the aliphatic diamines 
more generally. Those studied were all primary carbinamines and the 
higher members of the series might be expected to behave more like mono- 
amines, since their groups are too far apart to transmit effects along their 
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carbon chains. The following compounds were completely unoxidized by 
amine oxidase under the conditions described for the primary carbin-mono- 
amines: ethylenediamine, trimethylenediamine, tetramethylenediamine 
(putrescine), pentamethylenediamine (cadaverine), hexamethylenediamine, 
heptamethylenediamine, octamethylenediamine. 

One additional point seemed worthy of special investigation with the 
primary carbinamines as substrates. In comparisons made by Blaschko, 
Richter, and Schlossmann (4) of the relative effects of crude liver extracts 
of guinea pig, rat, or pig on various substrates, it is notable that hepty]- 
amine is less oxidized in an hour than is isoamylamine or phenethylamine. 
A like situation was noted in our experiments with guinea pig, cat, and 
cattle liver extracts, as shown by the data of our Table I in which maximum 
oxidation rates only are considered. The results with rabbit liver extracts 
are dissimilar, and it is even more notable that among the series of the 
aliphatic primary carbinamines heptylamine is the most actively oxidized 
by rabbit liver extract, while with guinea pig, cat, and cattle liver extracts 


TaBLe III 


Vazximum Oxidation Rates (Per Cent) Relative to Phenethylamine with Purified 
Cattle Liver Amine Oxidase Preparation 


At 30° with 0.008 mM amine substrates in 0.1 m phosphate, pH 7.0. 


Methylamine 7 Amylamine 91 
Ethylamine 8 Hexylamine 91 
Propylamine 75 Heptylamine 89 
Butylamine 117 Octylamine 75 


one of the lower members of the series represents a maximum for the series. 
Further investigation of this phenomenon was carried out by purifying a 
cattle liver extract by following the procedure described for purified 
preparations of rabbit liver amine oxidase, then carrying out oxidation 
studies in the same manner as were those described in Table II. The 
results are shown in Table III. In contrast to the results with amine 
oxidase preparations from rabbit liver, there is clearly a maximum of 
activity among this series of amines, and the three lowest members of the 
series are oxidizable, propylamine being quite notably oxidized, whereas 
with rabbit liver preparations it is not at all. 

N-Methyl Derivatives of Aliphatic Amines As Substrates—Although 
Blaschko, Richter, and Schlossmann (4) found with extracts of guinea pig 
intestine and liver that the symmetrical dialkylamines and trialkylamines 
were not oxidized, it seemed important to study a number of alkylmethy!l- 
amines and alkyldimethylamines in comparison with the alkyl primary 
amines. The oxidation system and conditions were kept as for the experi- 
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ments of Table Il; so that the oxidation rates observed with the alkyl- 
amines in these experiments were assigned the average values as there given 
and the oxidation rates of the N-methyl and N-dimethy] derivatives caleu- 
lated on this basis. The alkyltrimethylammoniums were included in this 
grouping of compounds, for the only previously investigated compound 


TABLE IV 
Vazimum Oxidation Rates (Per Cent) Relative to Phenethylamine 


At 30° with 0.008 Mm amine substrates in 0.1 M phosphate, pH 7.0. 


Butylamine 51 Hexylamine 114 
Butylmethylamine 27 Hexylmethylamine 46 
Butyldimethylamine 0 Hexyldimethylamine 5 
Butyltrimethylammoniur 0 Hexyltrimethylammonium 0 
Amylamine 106 Heptylamine 127 
Amylmethylamine 57 Heptylmethylamine 70 
Amyldimethylamin¢ 0) Heptyldimethylamine 15 
Amyltrimethylammonium 0 Heptyltrimethylammonium 0 
raBLeE \ 
Vazrimum Oxidation Rates (Per Cent) Relative to Phenethylamine 


At 30° with 0.008 mM amine substrates in 0.1 m phosphate, pH 7.0 


Phenmethvlamine (benzy! 36 Phenpropylamine (y-phenyl 109 
amine) propylamine) 

Phenethylamine (8-pheny! 100 Phenbutylamine (6-phenyl 118 
ethylamine butylamine } 

8-Methylphenethylamine (g 67 Phenamylamine (e-pheny] 115 
phenylpropylamine imylamine) 

Phenethylmethylamine 9] Phenethylethylamine 23 

Phenethyldimethylamine 32 Phenethyldiethylamine 0 

Phenethyltrimethylammoniun 0 Phenethyltriethylammonium 0 

Phenethylbenzylamin 0) Di-(phenethyl)amine 0 

8-Hydroxyphenethylamin 22 8-Methoxyphenethylamine 0 
(phe nethanolaming 

8-Ketophenethylamine (w 18 8-Ethoxyphenethylamine 0 
aminoacetophenon 


of this general type was hordenine methochloride (11 


shown in Table LV. 


Phenylaliphatic Am nes As Substrates Se eral compounds of the series 


The results are 





of phenylalkyl primary carbinamines have been studied by others under 
various but unrelatable conditions and found to be capable of being oxidized 
by liver and some other tissue extracts (1, 4, 7, 11, 12 It was desirable 
to extend the series of w-phenylalkylamines studied and to include certain 


derived types, particularly those that have interest because of their con- 
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siderable physiological activity. The test system was as described for the 
aliphatic amines and the results (Table V) are therefore placed on a com- 
parable quantitative basis with the data on those compounds as well as 
with each other. ; 

Series of secondary carbinamines were studied in which an a-alkyl, 
a-phenyl, or a-phenalkyl group was introduced into the molecule of one 
of the phenylalky] primary carbinamines listed in Table V. The condi- 
tions of testing were identical with those used for these latter compounds, 
but in no case was there any oxygen uptake with the following compounds. 


a-Methylphenmethylamine (a-phenyl- a-Ethylphenmethylamine (a-phenyl- 
ethylamine) propylamine) 
a-Methylphenethylamine (phenisopro- a-Phenylphenmethylamine (benzhy- 
pylamine) drylamine) 
a-Methylphenpropylamine a-Ethylphenethylamine (benzylethyl- 
carbinamine) 
a-Methylphenbutylamine a-Propylphenethylamine 


:-Isopropylphenethylamine 


a-Methylphenamylamine 
a,8-Dimethylphenethylamine (8-methyl a-Benzylphenethylamine (dibenzylear- 


phenisopropylamine) binamine) 

a-Methylphenethylmethylamine (phen a-Methylphenethylethylamine (phen- 
isopropylmethylamine) isopropylethylamine) 

dl, ld-8-Hydroxy phenisopropylamine dd ,ll-8-Hydroxyphenisopropylamine 
(DL-norephedrine) (DL-norpseudoephedrine) 

dl ,ld-8-Hydroxyphenisopropylmethy! dd ,ll-8-Hydroxyphenisopropylmethyl- 
amine (DL-ephedrine) amine (DL-pseudoephedrine) 


Two tertiary carbinamines were studied in which two a-methyl groups 
had been introduced into a couple of the phenylalkyl primary carbin- 
amines previously tested. Testing of these following compounds under 
the same conditions did not result in any oxygen uptake: a,a-dimethyl- 
phenethylamine, a ,a-dimethyl-8-hydroxyphenethylamine. 

Ring-Substituted Phenylaliphatic Amines As Substrates—The ring-sub- 
stituted phenethylamines, particularly the phenolic derivatives, have spe- 
cial interest from both biochemical and pharmacological view-points. A 
few compounds of this type were tested as to their oxidizability by extracts 
of guinea pig intestine or liver by Blaschko, Richter, and Schlossmann (4). 
Certain other compounds were later studied (11, 12), but a more system- 
atic study with better quantitative data was needed for any general con- 
clusions as to the effect of any particular type of ring substituent. The 
effect. of the different position of substituents in the ring was also given 
particular attention. Test conditions were the same as those used for the 
phenylaliphatic amines. The results are presented in Table VI. 

Secondary carbinamines that are a-methyl derivatives of a number of 
the compounds listed in Table VI were studied to see whether such type 
compounds, as in the aliphatic and phenylaliphatic series, withstand the 
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aminé Oxidase activity under the standard test conditions employed. The 
following were studied, and all were completely unoxidized by rabbit liver 


amine oxidase. 


3-Hydroxyphenisopropylamine 3-Methylphenisopropylamine 
4-Hydroxyphenisopropylamine (pare 4-Methylphenisopropylamine 
drine) 
3-Methoxyphenisopropylamine 3-Methoxy-4-hydroxyphenisopropy] 
amine 
4-Methoxyphenisopropylamine (O 3-Hydroxy-4-methoxyphenisopropy] 
methyl paredrine) amine 
3,4-Dimethoxyphenisopropylamine 3,4-Dihydroxyphenisopropylamine (hy- 
droxyparedrine) 
3,4-Methylenedioxyphenisopropylamine 3,4,5-Trimethoxyphenisopropylamine 
(a-methylmescaline) 
4-Hydroxyphenisopropylmethylamine 3,4-Dihydroxyphenisopropylmethyl 
(N-methylparedrine, paredrinol) amine 


Enzyme Constants of Amine Oxidase and Amines—The velocity of the 
oxidation of the amines with amine oxidase can be expected to follow the 
well known equation set up by Michaelis and Menten (13) in the form 
v = Vinax. (S)/(K, + (S)), where the velocity v is dependent on the sub- 
strate concentration S and the enzyme-substrate constants A, and Vmax. 
K, is the kinetic dissociation constant of the enzyme-substrate compound 
and Vinx. its oxidation rate at infinite substrate concentration. In the 
tables, such as Tables II, V, and VI, the relative velocities for the different 
aliphatic and phenylaliphatic amines at a constant concentration may be 
expressions of differences either in K, or Vinax, or both. A number of 
experiments were made to value these two constants separately for certain 
aliphatic and phenylaliphatic type compounds to indicate to what extent 
they may independently vary. 

Substrate concentrations were chosen to make the variation in rate of 
oxygen uptake between the different Warburg vessels as great as possible, 
and with concentrations to allow giving a uniform spread for the function 
1/S. The enzyme concentration used was decreased to half that used in the 
previous experiments with fixed substrate concentration, so that there was 
but about 0.5 enzyme unit per 2.5 ml. of total volume in the vessel. The 
data were plotted to conform to the alternate expression of the rate equa- 
tion offered by Lineweaver and Burk (14) in the form 1/v = K,/Vmmax 
(S) + 1/Vmax. Where a graph of 1/v against 1/S intercepts the 1/v axis 
at 1/Vimex. and has the slope K./Vmax. The value of 1/K, is readily 
obtained from such a graph as the 1/S value corresponding to half maxi- 
mum velocity, which is at 2/Vmax. on the graph, and is indicated in Fig. 3 
with light lines. v represents the oxygen uptake per 15 minutes in Fig. 3. 

The scattering of points is assumed to be due to experimental errors, 
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TaBLe VI 
Maximum Oxidation Rates (Per Cent) Relative to Phenethylamine 
At 30° with 0.008 m amine substrates in 0.1 m phosphate, pH 7.0. 





2-Hydroxyphenethylamine 43 2-Methylphenethylamine | 87 
3-Hydroxyphenethylamine ; 82 | 3-Methylphenethylamine 68 
4-Hydroxyphenethylamine 80 | 4-Methylphenethylamine | 87 
(tyramine) 
2-Methoxyphenethylamine | 100 | 3,4-Dihydroxyphenethylamine 68 
| (hydroxytyramine) 
3-Methoxyphenethylamine | 98 3-Methoxy-4-hydroxyphen- 22 
ethylamine (homovanillyl- 
| amine) 
4-Methoxyphenethylamine (O- 88 | 3-Hydroxy-4-methoxyphen- 76 
methyltyramine) ethylamine 
3,4-Dimethoxyphenethylamine | 41 | 3-Methoxy-4,5-methylenedi- 72 
| oxyphenethylamine 
3,4-Methylenedioxyphenethyl- 78 3,4,5-Trimethoxyphenethyl- 0 
amine | | amine 
4-Hydroxyphenethylmethyl- | 70 | 3,4-Dihydroxyphenethyl- 45 
amine (N-methyltyramine) methylamine (epinine) 
4-Hydroxyphenethyldimethyl- | 25 | 3,4,5-Trimethoxyphenethyl- 0 
amine (hordenine) | | methylamine (N-methyl- 
| | mescaline) 
4-Hydroxyphenethanolmethyl- | 24 | 3,4-Dihydroxyphenethanol- 10 
amine (synephrine) | methylamine (dl-epinephrine) 
8-Keto-4-hydroxyphenethyl- 8 | B-Keto-3,4-dihydroxyphen- 5 
methylamine (synephrine | ethylmethylamine (adrena- 
ketone) lone) 











tT Tt T 


vA. 























Fic. 3. Reciprocal microliters of oxygen uptake rates against reciprocal molal 
substrate concentrations at 30° with 2.0 ml. of purified rabbit liver amine oxidase in 
0.2 m phosphate buffer, pH 7.0, made up with amine salt solution to a total volume 
of 2.5ml. A, Curve 1 amylamine, Curve 2 hexylamine, Curve 3 heptylamine, Curve 
4 octylamine; B, Curve 1 phenethylamine, Curve 2 phenpropylamine, Curve 3 phen- 
butylamine, Curve 4 phenamylamine. 
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and not to any non-conformity to the rate equations. In Table VII are 
presented enzyme constants obtained from the data shown in Fig. 3 and 
similar data for certain other substrates, all determined with a single 
enzyme preparation. 

The variance in these values is indicated by the finding in later experi- 
ments, which were carried out with another enzyme preparation made by 
the same method but from another rabbit liver, of 1/Vmex, and 1/K, 
values for phenethylamine of 0.027 and 1800, and for phenethylmethyl- 
amine of 0.025 and 3000. In another experiment, the values for phen- 
ethylamine were 0.025 and 1360, and in another with 4-hydroxyphenethyl- 


amine, the values were 0.031 and 720. 


TABLE VII 


Constants for Enzyme-Substrate Compounds 


1 1 


Substrate K. — K, Vmax 

- microliters Ox 

per 1) min. 
Amylamine 1320 0.024 0.0008 42 
Hexylamine 1000 0.017 0.0010 59 
Heptylamine 750 0.011 0.0013 90 
Octylamine $20 0.009 0.0024 110 
Phenethylamine 1550 0.022 0.00064 45 
Phenpropylamine 610 0.019 0.0016 53 
Phenbutylamine 320 0.010 0.0031 100 
Phenamylamine 200 0.008 0.0050 120 
Phenethylamine 1600 0.022 0.00062 45 
Phenethylmethylamine 3800 0.026 0.00026 38 
4-Hydroxyphenethylamine 670 0.036 0.0015 28 
3,4-Dihydroxyphenethylamine 350 0.044 0.0029 23 


DISCUSSION 


The considerable species variance that is notable from the data of pre- 
vious workers and those here presented make it questionable that amine 
oxidase preparations from various sources may be viewed as but a single 
enzyme. For the present it seems best to keep in mind particular results 
as being those found under the set of the given experimental conditions. 
The way that the maximum of activity varies in a particular homologous 
series with enzyme from different sources is very marked, and may be 
taken as good evidence of there being different enzymes present. The 
relatively marked activity of preparations of guinea pig liver upon phenolic 
and diphenolic amines also would appear to indicate a special character 


in such respect for the species. That such special characters are a function 
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of the enzyme itself, rather than due to associated impurities, is indicated 
by the retention of the relative specificities of rabbit and cattle liver 
extracts as they are subjected to purification procedures. 

While the data given in Tables II through VI show what the relation- 
ships of substrate to activity are for the particular set of experimental 
conditions, the extent to which such data can be taken to indicate expected 
relationships under other conditions is limited. As shown by the data 
of Fig. 2, even in a series of compounds having constant dissociation con- 
stants, marked variations in activity with pH are seen, and relative activi- 
ties among a series of compounds are dependent upon the pH of interest. 

With regard to relationships between structure and oxidizability by 
amine oxidase, the differences between primary, secondary, or tertiary 
carbinamines were most clearly brought out and are of greatest interest 
because of the importance of this difference in structure for chemical 
reactivity of the C—N bond. The more expected differences between 
primary, secondary, and tertiary amines were found to be quite highly 
dependent upon the structure of the rest of the molecule, and difficult to 
cover with comprehensive rules. The effect of various substituents in 
the benzene ring or the side chain of phenethylamines is marked in most 
cases. The decreased oxidizability of hydroxy and N-methyl compounds 
is of most interest in connection with their physiological activities. 

It should be noted from the data of Table VII that in both aliphatic 
and phenylaliphatic amines K, and Vmnex, both increase with chain length 
of the radical attached to the amino group. The trend of variation of both 
constants with increasing number of carbon atoms in a homologous series 
tends to keep the observed rates of oxidation in the series relatively con- 
stant when compared at a given substrate concentration. If the rates 
were determined at relatively high substrate concentrations (correspond- 
ing to velocities 4/5 of Vinax. of the highest Vmax. of the series), the variation 
in velocity would be primarily dependent on the variation in Vmax. 
and independent of K,. Under such conditions an increase in the velocity 
of oxidation would be observed through the series of substrates rather 
than the passing through a maximum effect in the series as is seen in the 
experiments of Tables II and V. 

The relative velocity of oxidation of these various substrates by amine 
oxidase by preparations from a liver of a single species is therefore not 
only dependent on the pH of the determinations, but also on the particular 
concentration of substrate at which the determination is made. Together, 
these various factors make it impossible to use oxidation velocities of a 
series of amines under particular conditions as an exact basis for prediction 
of relative rates under other conditions of pH and concentration. 

Some calculations may be made with respect to the likelihood that amine 
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oxidase plays a physiological réle in the inactivation of certain types of 
amines in the body. By way of example, consider the oxidation rate of 
tyramine in a concentration of 10-5 m with an enzyme concentration of 
about 0.2 enzyme unit per ml. Substitution in the rate equation v = Vinax. 
(S)/(K, + (S)) of 10-° for S and the values of Vinax, and AK, for tyramine 
given in Table VII gives v about 0.2 microliter of O2 per minute, or about 
10-* mole of O, per minute. On the basis that physiological inactivation 
would occur with an uptake of 1 mole of O2 per mole, 10~* mole of tyramine 
would require about 100 minutes to be inactivated with an enzyme con- 
centration of 0.2 enzyme unit per ml. Such conditions and amounts of 
tyramine would be approximated in the blood stream of an experimental 
animal immediately following the intravenous injection of 10-* mole per 
kilo (0.18 mg. per kilo of hydrochloride) of tyramine. The studies of 
Clark and Raventos (15) on the relationship between dosage and duration 
of physiological action of tyramine in cats and man showed that a dosage 
of 10-* mole per kilo is inactivated in 20 minutes. The liver of the cat 
contains somewhat more enzyme than that of the rabbit, as shown in 
Table I, and the over-all concentration in rabbit liver is about 5 enzyme 
units per gm. Under conditions in vivo, the temperature is higher and 
the pH is somewhat more optimum for the enzyme-tyramine oxidation, 
according to Hare (1). There is consequently a fair agreement between 
data in vitro and in vivo, indicating that indeed the biochemical enzyme 
studies of amine oxidase may be expected to add much to the physiological 
perfusion studies of Ewins and Laidlaw (16), and of Guggenheim and Léf- 
fler (17) on the destruction of this type of compound in the body. 

In passing, it should be pointed out that, although we have not been 
able to determine the enzyme constants with epinephrine and must leave 
our studies, it is probable that there will not be a close correspondence 
of data in vitro and in vivo with this compound. Our observations do show 
that Vinax./K,. is much lower for this compound than for tyramine, while 
the in vivo data of Clark and Raventos (15) show it to be much more 
rapidly oxidized than tyramine in the body. Such considerations are in 
accord with the studies of Richter and Tingey (18) and are more directly 
confirmed by the establishment of another detoxification pathway for 
diphenolic amines by Richter (19) and later by Richter and MacIntosh (20). 
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In their studies of the oxidation of adrenalin and other amines by amine 
oxidase preparations, Blaschko, Richter, and Schlossmann (1) found that 
l-ephedrine, triethylamine, triisoamylamine, and dl-1-hydroxy-2-hydrin- 
deneamine are not only not oxidized, but inhibit the action of the enzyme 
upon isoamylamine. The conclusion was drawn that this inhibition was of 
the competitive type, because some data were available which indicated a 
dependence of degree of inhibition upon the concentration of both enzyme 
and substrate. Natural /-ephedrine and the related compounds, suprifen 
and veritol, were later reported by Blaschko (2) to inhibit amine oxidase 
in its action upon /-sympathol. Some further extension of such studies to 
include benzedrine, and the finding that this compound and veritol are 
stronger inhibitors of amine oxidase than are ephedrine isomers in the par- 
ticular system studied, led Blaschko (3) to conclude there was agreement 
between the inhibiting effects in vitro on amine oxidase and their awaken- 
ing properties in animals which are pharmacological effects upon the central 
nervous system. 

Previous to this, Gaddum and Kwiatkowski (4) had advanced the theory 
that ephedrine action in animals was due to its inhibition of adrenalin oxi- 
dation by amine oxidase in the body, ‘This was based on demonstration 
that in the perfused rabbit ear, sympathetic stimulation liberated a sub- 
stance indistinguishable from adrenalin, and that this substance like adren- 
alin is increased in certain of its physiological activities by addition of 
ephedrine. The study by Richter and Tingey (5) of the kinetics of the rate 
of inactivation of adrenalin by amine oxidase and the degree of inhibition 
of this oxidation by ephedrine permitted calculations which did not support 
the view that amine oxidase is specifically concerned in the inactivation of 
adrenalin in the body. Further evidence obtained by Richter (6) and 
Richter and MacIntosh (7) from their isolation of some of the metabolic 
products excreted in the urine after administration of adrenalin and other 
o-diphenolic pressor amines makes it quite certain that adrenalin is not 
considerably acted on by amine oxidase in passing through the body. 

* Present address, Institute of Pathology, Western Pennsylvania Hospital, 


Pittsburgh, Pennsylvania. 
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Thus, although at the present time it appears clear that amine oxidase 
oxidation of adrenalin, or other o-diphenolic pressor amines such as were 
studied by Richter (6), does not play a significant physiological rdle, it is 
equally clear that the inactivation of aliphatic amines, phenethylamine and 
probably 4-hydroxyphenethylamine (tyramine), does predominantly take 
place by amine oxidase oxidation. In view of the evidence from the experi- 
ments of Ewins and Laidlaw (8) and a later study by Guggenheim and 
Léffler (9), such amine oxidations chiefly occur in the liver. In the present 
studies, an attempt was made to value quantitatively the inhibition of some 
of these particular type compounds by certain types of amines which are 
not themselves oxidized by the enzyme system (see Alles and Heegaard 
(10)). 

EXPERIMENTAL 

Purified amine oxidase preparations from rabbit liver were used through- 
out the present work. They were prepared as described by Alles and 
Heegaard (10) and experiments in which there was any considerable uptake 
of oxygen by the control alone were discarded along with that particular 
enzyme preparation. The hydrogen ion activity was maintained uni- 
formly at pH 7.0 in all experiments, though it is expected that there can be 
observed a relation between pH and degree of inhibition. Such relation 
will probably have a considerable variation even among closely related 
series of compounds, just as the variation in amine oxidase activity with pH 
depends on the particular substrate acted upon, as shown by our studies 
(10). 

It was most desirable to obtain data indicating inhibitor effects with a 
considerable number of compounds of different types, and then to make a 
critical study with a particular inhibitor and various substrate types to de- 
termine whether such inhibition was competitive. 

The term observed activity in any experiment refers to the maximum 
rate of oxygen uptake. This often occurs only during the first few obser- 
vations of any experiment, particularly with aliphatic amine substrates, 
and is determined as the tangent to the initial part of the plotted curve of 
observed oxygen uptakes. Such valuation of rate minimizes the effects of 
uncontrolled inhibiting variables that enter into rate valuations dependent 
upon a single observation made after some considerable time. 

Aliphatic Amines As Inhibitors of Aliphatic Amine Substrates—Experi- 
ments were made to value the relative inhibiting effects of a series of second- 
ary carbinamines. The oxidation system consisted of 2.0 ml. of purified 
amine oxidase preparation in 0.1 mM phosphate buffer of pH 7.0, to which 
were added 0.1 ml. of 0.1 Mm amylamine as a neutral solution of its sulfate 
and 0.4 ml. of variable concentrations of inhibitor amine sulfate or chloride 
in neutral solution. The final concentration of amylamine in the mixture 











E. V. HEEGAARD AND G. A. ALLES 507 


was 0.004 m, and the concentrations of inhibiting amines were 0.004, 0.008, 
0.012, and 0.016 m, giving the inhibitor-amylamine ratios presented in 
Table I. The oxygen uptake at 30° was followed with the Warburg appara- 
tus and calculated to per cent of the uptake of the control sample with sub- 
strate but without any inhibitor. 

The inhibiting effect in this series of data was clearly at a maximum with 
a-methylamylamine. In further experiments, in which the ratio of a-meth- 
ylethylamine was 4:1, no inhibition was observed. a-Methyloctylamine 
anda-methylnonylamine were found to be less active inhibitors than a-methyl- 


TABLE I 
Inhibitor-Amylamine Ratios 


In per cent of O, uptake, based on the rate without inhibitor. 


Inhibitor 


Amylamine 0 1:1 2:1 3:1 4:1 
a-Methylpropylamine (sec-butyl- 
amine) 100 101 98 92 88 
a-Methylbutylamine  (sec-amyl- 
amine) 100 86 74 O4 55 
a-Methylamylamine. 100 73 62 38 36 
a-Methylhexylamine 100 90 73 538 | 42 


a-Methylheptylamine 100 93 79 60 49 


TABLE II 
Effect of a-Methylbutylamine As Inhibitor 


In per cent of O, uptake, based on the rate without inhibitor. 


a-Methylbutylamine 


Substrate 0 1:1 2:1 3:1 4:1 
Butylamine 100 56 38 34 25 
Amylamine 100 86 74 64 55 
Hexylamine 100 91 84 83 79 
Heptylamine 100 96 93 92 70 


heptylamine. To cover a variance in substrate, a-methylbutylamine was 
studied as an inhibitor of several primary carbinamine substrates of 0.004 m 
final concentration in the oxidation system. The results are shown in 
Table II. 

A series of tertiary carbinamines was studied under similar conditions as 
inhibitors of the primary carbinamine, butylamine. There appeared to be 
an increased inhibitor effect with larger molecular size. The results ob- 
tained with 4:1 inhibitor-substrate were as follows: a, a-dimethylethyl- 
amine (tert-butylamine) 100, a, a-dimethylpropylamine (tert-amylamine) 91, 


PER GIOOT Sg BEE 


aT 
ee ee as 


Pe 


Fen 5 


bite seine a 


| 
| 
| 
| 


ee 
SOR TA Rc. 


= nas 


ee 














508 AMINE OXIDASE INHIBITOR 


a, a-dimethylbutylamine 84, a, a-dimethylamylamine 61, a, a-dimethyl- 
hexylamine 45. 

Although Blaschko (11) noted, under his conditions of study, that ca- 
daverine did not act as an inhibitor to the enzymic oxidation of amylamine 
or synephrine, observations were extended to include other aliphatic dia- 
mines. With 0.004 mM amylamine as substrate and a 4:1 ratio of the 
w-alkylenediamines, there was no exhibition of any notable inhibitor effect 
with tetramethylene-, pentamethylene-, hexamethylene-, heptamethylene-, 
and octamethylenediamine. 

Another type of compound was of interest because of its relatively com- 
plete ionization in water solution. The alkyltrimethylammoniums were 
found not to be oxidized by amine oxidase in our earlier work (10). With 
0.004 m amylamine as substrate and a 4:1 ratio of butyl-, amyl-, hexyl-, 


Tasie III 
Effect of a-Methylphenalkylamines As Inhibitor 


In per cent of O, uptake, based on the rate without inhibitor. 


nhibit 
anaes 0 2:1 4:1 


Amylamine 


a-Methylphenmethylamine (a-phenylethyl- 


amine) Ah 100 72 26 
a-Methylphenethylamine (phenisopropyl- 

amine) ws 100 80 44 
a-Methylphenpropylamine 100 70 20 
a-Methylphenbutylamine 100 87 27 
a-Methylphenamylamine. . 100 90 35 


or heptyltrimethylammonium, no considerable inhibitor effect was ob- 
served. 

Phenylaliphatic Amines As Inhibitors of Amine Substrates—While 
Blaschko (3) found that benzedrine (phenisopropylamine) and certain of its 
derivatives acted as inhibitors of amine oxidase under particular experimen- 
tal conditions, his findings offered only meager experimental evidence for 
the generalization that inhibitor effect is a property of secondary carbina- 
mines. A series of a-methylphenalkylamines was studied by us for their 
inhibitory effect on the oxidation of amylamine. The concentration of 
amylamine was 0.004 M, and other conditions were the same as in the studies 
of aliphatic amines as inhibitors (see Table III). 

The inhibiting effect of certain types of derivatives of a-methylphen- 
ethylamine is of considerable interest because of possible relation to their 
physiological actions. A number of such derivatives (Table IV) were 
tested with amylamine as the substrate at 0.004 m and an inhibitor- 


amylamine ratio of 4:1. 
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Owing to a lack of time to complete more extensive studies, the observa- 
tions of inhibition by secondary phenylaliphatic amines were extended to 
different amine substrates only with a-methylphenethylamine itself. Our 
previous determinations (10) of the kinetic dissociation constants of the 
enzyme-substrate complex of rabbit liver amine oxidase with aliphatic and 
phenylaliphatic amines indicated that these two types of compounds did 
not differ notably in their enzyme-substrate constants. Consequently, it 
was expected that any inhibitor would exhibit about the same degree of 
inhibition on these two types of substrates. Dissociation constants K, for 
enzyme-tyramine and enzyme-hydroxytyramine had been found to be 


TaBLe IV 
Effect of Methylphenethylamines As Inhibitor 


In per cent of O, uptake, based on the rate without inhibitor. 


Inhibitor Y Inhibitor 


Amylamine $38 Amylamine 4:1 
a-Methylphenethylmethylamine 48 a-Methyl-3-hydroxyphenethyl- 65 
a-Methylphenethylethylamine 39 amine 
a-Methylphenethyldimethyl- 41 a-Methyl-4-hydroxyphenethyl- 75 

amine amine 
a,§-Dimethylphenethylamine 71 a-Methyl-4-hydroxyphenethyl- 95 
a-Methyl-8-hydroxyphenethyl- 97 methylamine 

amine (DL-norephedrine) a-Methyl-4-methylphenethyl- 60 
a-Methyl-8-hydroxyphenethyl- 99 amine 

amine (DL-norpseudoephed- a-Methyl-4-methoxyphenethyl- b+ 

rine) amine 
a-Methyl-8-hydroxyphenethyl- 79 a-Methyl-3 ,4-dihydroxyphen- 92 

methylamine (DL-ephedrine) ethylamine 
a-Methyl-8-hydroxyphenethyl- 85 a-Methyl-3 , 4-dimethoxyphen- 67 

methylamine (DL-pseudo- ethylamine 

ephedrine) a-Methyl-3,4-methylenedioxyv- 60 
a,a-Dimethylphenethylamine 42 phenethylamine 
a,a-Dimethyl-8-hydroxyphen- 79 a-Methyl-3 ,4,5-trimethoxy- 80 

ethylamine phenethylamine 


notably greater, and it was expected that these two amines would be more 
readily inhibited than either an aliphatic or phenylaliphatic amine. Simul- 
taneous observations of the four types of amines in 0.004 m substrate con- 
centrations alone and in the presence of a-methylphenethylamine (pheniso- 
propylamine) gave the results shown in Table V. 

The particular differences found in the effect with phenisopropylamine 
added to these different substrates were surprising, and some further studies 
were made to determine whether indeed competitive inhibition could be 
observed with phenisopropylamine and these different substrates. 

Phenisopropylamine Inhibition of Amine Oxidase and Amines—Enzyme 
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properties are determined chiefly by means of kinetic studies. Competi- 
tive inhibition may be distinguished from other types primarily by con- 
forming in its kinetics to the rate equations derivable from the equilibrium 
2E +S +I12 ES (active) + EI (inactive) where E represents the enzyme, 
S the substrate, and J the inhibitor. In this simplest case, the rate rela- 
tions can be represented in the reciprocal form by 


] l . K, ] ] 
= — K,+—TI + — 
l J max K; S } max 


as given by Lineweaver and Burk (12). Here »v is the reaction rate, 
Vmax. the rate at infinitely high substrate concentration, S and J the molal 
concentrations of substrate and inhibitor, while K, and K;, are the kinetie 
dissociation constants of the enzyme-substrate and enzyme-inhibitor 


compounds. 


TABLE V 
Effect of Phenisopropylamine As Inhibitor 
In per cent of O, uptake, based on the rate without inhibitor. 


_Phenisopropylamine 0 4:1 16:1 
Substrate 


100 45 i9 
100 113 144 
26 1] 


Amylamine 
Phenethylamine 
4-Hydroxyphenethylamine (tyramine) 100 
3,4-Dihydroxyphenethylamine (hydroxy- 


tyramine) 100 20 13 


Data were obtained to value the constants by choosing substrate con- 
centrations as in the kinetic studies of our previous work with these same 
substrates (10). The enzyme concentration in the experiments was again 
about 0.5 enzyme unit per 2.5 ml. of total volume. Considerable difficulty 
was encountered in finding the suitable, but necessarily different, concen- 
trations of phenisopropylamine for working with each substrate to get 
data of sufficient precision. These data were plotted as 1/v against 1/S 
so that the 1/v axis intercept is 1/Vinax, and the 1/S value of 2/Vinax. is 
1/K, or 1/(K, + (K./K;,)J) in the presence of the inhibitor. From these 
values, which can be read directly from the graphs of Fig. 1, are calculated 
the values of Vinax., As, and K;,. 

It is immediately apparent from Fig. 1 that phenisopropylamine is many 
times more active an inhibitor with phenethylamine as the substrate than 
with amylamine. Similar experiments were carried at with tyramine and 
hydroxytyramine as the substrates, and the valuations of the enzyme 
constants are given in Table VI. 
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Fic. 1. Reciprocal microliters per 15 minute oxygen uptake rates against recipro- 
cal molal substrate concentrations. At 30° with 2.0 ml. of purified rabbit liver 
amine oxidase in 0.2 m phosphate buffer, pH 7.0, made up with amine salt solution 
alone or with inhibitor amine salt to a total volume of 2.6 ml. A, Curves la and 2a, 
amylamine without added inhibitor; Curve 1b, amylamine and 0.0020 m pheniso- 
propylamine; Curve 2b, amylamine and 0.0010 m phenisopropylamine; B, Curves 
la and 2a, phenethylamine without added inhibitor; Curves 1b and 2b, phenethyl- 
amine and 0.020 m phenisopropylamine. 


TaBLe VI 
Enzyme-Substrate and Enzyme-Inhibitor Constants 


Pheniso- 


Suhotente wood in vastabie propyla- . . : ; 2 
ul r te Bag iat mine con- — - K.+ e ; V max Ks Ki 
tion 
micro- 
u | 5 “ 
min. 
Amylamine 0.0000 | 0.023 | 1650 42 0.00061 
- 0.0020 0.036 600 28 0.0011 
° 0.0000 | 0.023 | 1650 42 | 0.00061 
0.0010 | 0.023 780 42 0.0009 
Phenethylamine 0.0000 | 0.025 | 1360 40 | 0.00074 
va 0.0200 | 0.030 950 33 0.047 
0.0000 | 0.031 | 1450 32 0.00069 
0.0200 | 0.037 920 27 0.035 
4-Hydroxyphenethylamine| 0.0000 | 0.031 | 720 32 | 0.0014 
0.0040 | 0.037 380 27 0.0045 
3,4-Dihydroxyphenethyl- | 0.0000 | 0.042 | 510 24 | 0.0020 
amine 
0.0040 | 0.054 230 19 0.0033 


Notable in the data of Table VI is the fair agreement between 1/ Vmax. 
values for a given substrate with and without inhibitor, which affords the 
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simplest test of the competitive nature of the inhibitory process. Some 
small changes do occur, but they approximate the variations that occur 
on occasion between different experiments. While the experiments with 
the amylamine and hydroxytyramine were made with but one enzyme 
preparation, the experiments with phenethylamine were made with two 
different preparations, and those with tyramine with another. The dif- 
ference in Vinx, between the two experiments with tyramine without 
inhibitor simply represents the variance in activity of the enzyme 
preparations. 

Even more notable in these experiments are the marked variations in 
K;, dependent upon the substrate competed with. While phenisopropyl- 
amine is one-third to one-fourth as active an inhibitor for tyramine and 
hydroxytyramine as for amylamine, it is only one-thirtieth to one-fortieth 
as active for phenethylamine inhibition. 


DISCUSSION 


While the data given with regard to the inhibition of amine oxidase 
oxidation of amylamine as a substrate in fixed concentration do show a 
large number of compounds to act as inhibitors, the extent to which such 
data can be taken to indicate expected relationships under other conditions 
is limited. This is probably particularly so if other substrates are to be 
considered by analogy to amylamine. 

With regard to relationships between structure and inhibition of amine 
oxidase upon a single substrate, the secondary and tertiary carbinamines 
are very generally inhibitors. The molecular size of the alkyl and pheny!- 
alkyl secondary carbinamines would seem to have some specificity with 
regard to the inhibitor effect, with a-methylamylamine and a-methyl- 
phenylpropylamine appearing to be slightly the most active in their respec- 
tive series. The generally decreased inhibitor activity of hydroxy deriva- 
tives in the side chain or ring of phenethylamines is of most interest in 
connection with their physiological activities. 

The great differences in the inhibitor effect of phenisopropylamine when 
kinetically valued against particular type substrates show that, while the 
inhibition exhibited may be an equilibrium situation, it is inadequately 
considered as an equilibrium only involving 2E + S + ]— ES + EI, or 
it may be that the limiting rate of the reaction is not only the oxidation 
rate of ES, but also that rates of other reactions are slower than, or com- 
parable to, such oxidation rate. With regard to the equilibrium compo- 
nents, it must be remembered that there are some qualitative rate obser- 
vations with extracts of liver and other organs of various species that seem 
to be most easily explained by assuming the presence of several types of 


amine oxidase enzymes. 
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The set-up of rate equations for the combination of 2 + S — ES, to- 
gether with the dissociation of ES — £ + S and the conversion of ES — 
E + R (the oxidized product) for the analysis of all possible rates control- 
ling the kinetics of reaction between enzyme and substrate, has been 
carried out by Haldane (13). Such analysis could be extended in the 
present case to include EF + I1— EI and EI —£E + I as independent 
rates. By extending rate observations in a systematic way with variance 
of enzyme, substrate, and inhibitor concentrations independently, such 
an analysis might be permitted to be made, but we must leave this problem 
for others. 

The increase in oxidation rate observed when 4:1 and 16:1 ratios of 
phenisopropylamine were used with 0.004 m phenethylamine as substrate 
appears to be a real effect. It has been noted with certain other secondary 
carbinamines under some substrate concentrations and particular secondary 
carbinamine-substrate ratios. The phenomenon has not been investi- 
gated, but may be related to the observations of Mann and Quastel (14) 
who found in brain oxidations with particular substrates that the binding 
of produced aldehydes by phenisopropylamine caused an over-all increase 
in oxidation rate. It may be that this effect most notably enters into the 
lowered inhibitor activity of phenisopropylamine upon phenethylamine 


as the substrate. 
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The oxidative destruction of the carcinogen, N , N-dimethylaminoazo- 
benzene, commonly called butter yellow, has been observed in a synthetic 
ration containing linoleic acid (1). This destruction, which takes place 
presumably through the action of peroxides or some intermediate oxides of 
the unsaturated fatty acid, may be prevented by the addition of brown 
(unpolished) rice to the diet mixture. White (polished) rice exhibits anti- 
oxygenic activity to a lesser degree than does brown rice, a fact which sug- 
gests that the antioxidant is concentrated in the rice bran. Demonstration 
of the presence of an antioxidant in an aqueous extract of rice bran, a com- 
mercial preparation of the B complex, prompted the present study concern- 
ing other sources of the B vitamins, in addition to each of the B vitamins 


for antioxygenic activity. 
EXPERIMENTAL 


The decolorization of butter yellow by linoleic acid in the presence of air 
is a surface phenomenon; it does not take place in the homogeneous solution 
of the dye in oil (1). For this reason the bleaching reactions were studied 
in rations consisting of 8.4 gm. of corn-starch and 1.6 gm. of butter yellow- 
linoleic acid! mixture. Butter yellow was present in the mixture inthe 
amount of 0.6 mg. per gm. of the ration. The material to be tested for 
antioxidant activity was mixed into the ration either as a solution or in the 
dry state. The oxidation was permitted to take place at room temperature 
for 21 days. At various intervals 1.5 gm. of the ration were withdrawn and 
extracted with 25 cc. of chloroform. The decrease in color of the chloro- 
form extract, determined with the Klett-Summerson photoelectric colorim- 
eter (blue filter, No. 42), gave a measure of the destruction of the butter 
yellow. The accompanying oxidation of the fatty acid was followed by the 
decrease in iodine number, as determined by the method of Hanus (2). 
The results obtained with the above method were checked qualitatively 
with an accelerated oxidation at 50° for 16 hours. 


*S. M. A. Corporation Fellow. 
‘Linoleic acid, refined light,’’ from the Glyco Products Company, Inc., 
Brooklyn, New York. The iodine number of the different lots varied from 126 to 140. 
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Results 


Comparison of Free Linoleic Acid with Its Esters in Destruction of Butter 
Yellow—In an earlier study involving the production of malignant hep- 
atoma in rats by feeding butter yellow (1) it was observed that the bright 
yellow color of the diet containing linoleic acid and butter yellow faded 
almost completely in 4 days even at room temperature. In contrast to this, 
a diet which contained an equivalent amount of unsaturated fat in the form 
of lard retained its color for over a period of several months. These find- 
ings seem to indicate that the free acid has greater destructive effect on the 
dye than have its esters. This assumption was confirmed by using purified 
samples of linoleic acid and methyl! linolate* in the diet mixtures. In a 21 
day experiment at room temperature the iodine number of the linoleic acid 
(originally 180) had dropped to 67.4 by the 5th day with an 85 per cent 
destruction of the butter yellow. In the case of the methyl linolate (I, No. 
171.9) the iodine number even at the 8th day was 150.0 and there was no 
detectable destruction of butter yellow. However, at the end of 21 days, 
almost complete destruction of the dye and oxidation of the fat had occurred 
in both diets. In a diet containing an equal amount of lard there was no 
change in iodine number or butter yellow concentration after 21 days. 

Stabilizing Effect of Cereal Grains—Cereal flours, particularly oat flour, 
have been suggested as antioxidants for foods which are subject to oxidative 
deterioration (3). The finding that the linoleic acid-butter yellowsystem 
is stabilized in the presence of brown or white rice led to the comparison 
of the antioxygenic activity of other cereal grains in this same system. Oats, 
corn, and wheat (ground whole grain being used in each case) were substi- 
tuted for corn-starch in the experimental mixture. At the end of 21 days, 
all three mixtures showed little change in the concentration of the butter 
yellow; namely, 0.54, 0.57, and 0.52 mg. per gm. of diet in the oat, corn, and 
wheat diet respectively. The iodine number, determined on the wheat 
mixture extract, was 140.8, thus indicating no oxidation of the fatty acid. 
Avenex, a commercial antioxidant prepared from oat flour, also exerted 
complete protection when tested at a 10 per cent level. At a 5 percent 
level the protection was somewhat less, the concentration of the butter 
yellow at the 21st day being 0.31 mg. per gm. of diet and the iodine number 
100.9. 

Heat Lability of Antioxidants in Cereal Grains—In all experiments re- 
ported in this paper on the effect of heat on antioxidant activity, the treat- 
ment involved moist heat under pressure; 7.e., the test material was thor- 
oughly mixed with water and the resulting suspension autoclaved for } hour 

? Purified samples of linoleic acid and methyl linolate were kindly furnished by 
J. B. Brown of the Department of Physiological Chemistry, The Ohio State Uni- 


versity, Columbus. 
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at 120°. Unless otherwise stated, the pH of the suspension was neutral. 
The data presented in Table I clearly demonstrate the heat inactivation of 
the antioxidants in brown rice, white rice, and Avenex. 

Antioxidant Activity of Rice Bran Extract, Heat Treatment, and Dialysis— 
The water-soluble nature of the antioxidant of brown rice became evident 
from experiments in which a crude aqueous extract of rice bran* was used. 
The great activity of such an extract as well as its reaction to heat treat- 
ment is shown in Table II. With the admixture of aqueous rice bran ex- 


TaBLe I 
Heat Lability of Antioxidants in Cereal Grains 











Sth day 8th day 2ist day 
E Diet mixture Butter Butter Butter 
‘e . yellow Iodine | yellow | Iodine | yellow | Iodine 
a7 per gm. No. per gm. No. pergm. | No. 
Ps) diet diet diet 
meg. me. mg. 
1 | (1) 8.4 gm. brown rice + 1.6 | 0.69 | 134.0) 0.66 | 133.7 | 0.59 | 134.7 
gm. L-BY* 
(2) 8.4 gm. brown rice, auto 0.68 | 125.9 | 0.59 | 125.7| 0.11 | 75.6 
claved + 1.6 gm. L-BY 
(3) 8.4 gm. white rice + 1.6) 0.66 | 123.8 0.49 | 125.2) 0.09 64.7 
gm. L-BY 
(4) 8.4 gm. white rice, auto- | 0.20 82.8 0.11 57.0 
claved + 1.6 gm. L-BY 
2 (1) 84 gm. corn-starch + 1.6 | 0.28 0.10 0.07 49.2 
gm. L-BY 
2) (1) with 1 gm. Avenex 0.54 0.44 0.55 | 125.0 
(3) (1) * 0.5 gm. Avenex 0.49 0.43 0.31 | 100.9 
/— > ~*~ Gs" - 0.29 0.11 0.08 50.9 
autoclaved 
3 | (1) 1.0 gm. Avenex 0.49 0.34 0.31 | 134.5t 
(2) Control 0.27 0.07 0.07 


* Butter yellow dissolved in linoleic acid so that the final concentration is 0.6 mg. 


per gm. of diet. 
+ After 4 months, the butter yellow concentration was 0.24 mg. per gm. of diet; the 


iodine number 129.2. 


tract, linoleic acid and, in further consequence, butter yellow could be pro- 
tected from oxidative decomposition for at least 4 to 5 months, whereas, in 
the absence of any supplementary antioxidant, autoxidation became very 
noticeable in the short time of 5 to 8 days. Under the experimental condi- 
tions chosen amounts of 0.07 cc. of rice bran extract and even 0.03 cc. have 
shown definite protection up to the 21st day of the experiment. 

When the extract was autoclaved, the pH proved to be an important 


* Kindly obtained from the 8. M. A. Corporation, Chagrin Falls, Ohio. 
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factor. With neutral or acid pH there was a loss in antioxidant activity, 
while autoclaving at pH 10 appeared to exert a definitely protective effect. 

The fact that aqueous rice bran extract is capable of delaying the autoxi- 
dation of linoleic acid suggested that the antioxidant present in this aqueous 
extract might be at least partly soluble in linoleic acid. Upon this supposi- 
tion, a suspension of brown rice in linoleic acid was heated for 15 minutes 
at 60°. After centrifuging, the stability of the linoleic acid was measured 


TABLE II 


Antioxidant Activity of Rice Bran Extract 
Y 2, 


Butter yellow per gm. diet 


— Rice bran extract added to basic diet* —— 
- Sth day 8th day 21st day y 
ce me me me 

l 0.67 0.59 0.53 0.57T 
Control (no supplement 0.35 0.09 0.06 

2 0.33 0.68 0.71 0.57 134.5} 
0.33 (Autoclaved 0.49 0.39§ 
Control 0.27 0.12 

3 0.07 0.60 0.66 0.52 
0.07 (Autoclaved 0.66 0.66 0.43 130.4 
0.03 0.60 0.60 0.29 126.8 
0.01 0.36 0.27 0.07 51.0 
Control 0.31 0.17 0.07 

4 0.03 0.36 0.26 0.09 
0.03 (Autoclaved, pH 3 0.36 0.28 0.08 
0.03 ( te “ 0.43 0.33 0.40 

5 0.03 0.27 0.11 53.2 
0.03 (Autoclaved, pH 10 0.40 0.15 86.3 
Control 0.14 0.08 19.0 


*8.4 em. of corn-starch + 1.6 gm. of linoleic acid-butter yellow. 
+ After 5 months, the butter yellow concentration was 0.48 mg. per gm. of diet. 
t After 4 months, the butter yellow concentration was 0.40 mg. per gm. of diet; the 


iodine number 121.5 
§ After 4 months, the butter yellow concentration was 0.06 mg. per gm. of diet; the 


iodine number 43.1. 


in the usual manner. This treatment afforded protection from autoxida- 
tion for 8 days; at this time the concentration of the butter yellow was 0.53 
mg. per gm. of diet. From then on the oxidation proceeded rapidly and 
by the 21st day the butter yellow concentration was 0.07 mg. per gm. and 
the iodine number of the fatty acid 47.8. This finding is in good agreement 
with the previous report (4) on the slight fat solubility of the antioxidants 
occurring in grains. 

Dialysis of rice bran extract in a cellophane bag against frequent changes 
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of distilled water resulted in a complete loss of antioxygenic activity in the 
dialyzed solution. A quantitative recovery of antioxidant activity from 
the dialysate was accomplished. 

Antioxidant Activity in Other Sources of Vitamin B Complex—The re- 
markably high antioxidant activity of aqueous rice bran extract which is 
known to be a rich source of the vitamin B complex suggested the study of 
other sources of the vitamin B complex with regard to the presence of anti- 
oxidants. The results of these investigations are summarized in Tables III 
and IV. The data obtained make evident the antioxidant property of 


TABLE III 


Antioxidant Activity of Brewers’ Yeast 


Butter yellow per gm. diet 


— Supplement to basic diet poy 
No 5th day 8th day 21st day 
meg. mg. meg. 
1 0.5 gm. brewers’ yeast 0.43 0.52 0.43 | 129.3* 
0.5 * re ‘* autoclaved 0.41 0.37 0.06 56.0 
0.5 ‘* Squibb’s Natuplex B 0.50 0.41 0.39 | 126.8f 
1.0 cc. 30% Natuplex B 0.43 0.50 0.38 128 .8f 
1.0 ‘“* 30% = ** autoclaved 0.43 0.46 0.40 | 129.1§ 
2 0.5 gm. brewers’ yeast 0.64 0.55 131.1 
0.5 * si ‘* autoclaved 0.61 0.36 130.2 
0.5 “ ” 0.56 0.21 108.9 
pH 10 
Control 0.16 0.07 47.4 


* After 4 months, the butter yellow concentration was 0.28 mg. per gm. of diet; the 


iodine number 121.6. 
+ After 4 months, the butter yellow concentration was 0.38 mg. per gm. of diet; the 


iodine number 123.6. 
t After 4 months, the butter yellow concentration was 0.20 mg. per gm. of diet; the 


iodine number 123.0. 
§ After 4 months, the butter yellow concentration was 0.21 mg. per gm. of diet; the 


iodine number 125.7. 


brewers’ yeast, of aqueous extracts of yeast (Natuplex B, Squibb), crude 
extracts of liver, molasses, and milk sugar residue. It is of interest that a 
liver fraction, soluble in 95 per cent alcohol, exhibited less antioxidant 
properties than that of crude extracts or of Lederle’s liver fraction (a prepa- 
ration representing a concentrate of the antipernicious anemia factor).‘ 


‘ The liver fraction, soluble in 95 per cent alcohol, and the concentrate of the anti- 
pernicious anemia factor were kindly furnished by Dr. D. Klein of The Wilson Labo- 
ratories, Chicago, and by Dr. Y. Subbarow of the Lederle Laboratories, Inc., Pearl 


River, New York, respectively. 
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High antioxidant potency was found in a purified, but still very crude con- 
centrate, of folic acid,’ known as the norit eluate factor (5). 

Autoclaving of whole yeast resulted in definite destruction of antioxidant 
activity regardless of the pH during the heating process. Unlike whole 
yeast and rice bran extract, the antioxidant of aqueous yeast extract 
(Natuplex B) proved to be heat-resistant, at least under existing experi- 


mental conditions. 


TaBLe IV 
Antioxidant Activity of Sources of B Complex Other Than Rice Bran Extract and 
Brewers’ Yeast 


Butter yellow per gm. diet 


Experi Iodine 
ment Source of B complex added to basic diet No. (2ist 
No Sthday | 8thday 21st day day 
mx me me 
l 1.0 ec. Valentine’s crude liver extract 0.55 0.48 0.38 131.0 
a " " ne = 0.48 0.43 0.40 136 .0* 
0.04 * se " sia - 0.43 0.32 0.19 120.2 
Control (no supplement 0.27 | 0.07 0.07 
2 1.0 ec. Lederle’s crude liver extract 0.58 0.53 0.41 134.3 
Control 0.23 0.10 0.06 43.8 
3 1.0 ce. Wilson’s purified liver extract (frac 0.31 0.15 | 0.11 51.2 
tion of aqueous liver extract soluble in 
95% alcohol 
Control 0.31 0.17 0.07 
H 1.0 ce. solubilized liver extract (norit eluate 0.53 0.48 132.1 
factor 
Control 0.34 0.26 0.08 70.5 
5 0.2 ec. molasses 0.46 0.50 0.35 126.2 
0.04 ** sig 0.38 0.27 0.06 52.9 
6 0.3 gm. milk sugar residue 
Batch 1 0.55 0.46 0.08 55.6 
“« 93 0.56 0.45 0.08 57.4 
Control 0.29 0.19 0.07 52.9 


* After 4 months, the butter yellow concentration was 0.06 mg. per gm. of diet; the 


iodine number 47.7. 


Sulfonamide Drugs and p-Aminobenzoic Acid As Antioxidants—The 
catalytic oxidation of p-aminobenzoic acid, pyrogallol, and tyramine by 
peroxidase is inhibited by sulfanilamide (6). The experiments presented 
in Table V are tests carried out with sulfanilamide and sulfaguanidine for 
similar antioxygenic activity when studied in the absence of any enzyme in 
the linoleic acid-butter yellow system. The possible reversal of the reac- 


’ Received through the courtesy of Dr. C. A. Elvehjem, University of Wisconsin, 
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tion by p-aminobenzoic acid was also investigated. Whereas only a slight 
antioxidant effect was found with the sulfonamide drugs, p-aminobenzoic 
acid at a level of 50 mg. per 10 gm. of the experimental ration afforded con- 
siderable protection against oxidation. A synergistic effect of either sul- 
fanilamide (0.5 gm.) or sulfaguanidine (0.5 gm.) with p-aminobenzoic acid 
(20 mg.) was observed when used in combined doses (Experiment 2, Table 
V). 

Antioxidant Activity of Individual B Vitamins—In order to study the 
antioxidant activity of all the known B vitamins as a group they were 
added to 10 gm. of the experimental mixture (corn-starch, linoleic acid, and 

TABLE V 


Antioxidant Activity of Sulfonamide Drugs and p-Aminobenzoic Acid 


Experi Butter yellow per gm. diet Iodine 
ment Supplement to basic diet No. 
No Sth day 8th day 21st day (21st day) 
mg. me. mg. 

l 0.5 gm. sulfaguanidine 0.15 0.11 0.11 60.0 

6.3.> = + 50 mg. 0.54 0.48 0.44 128.2 
p-aminobenzoic acid 

0.5 gm. sulfanilamide 0.21 0.24 0.15 87.2 

0.5 * ” + 50 mg. 0.58 0.48 0.44 132.0 
p-aminobenzoic acid 

Control 0.12 0.07 0.06 59.6 

2 0.5 gm. sulfaguanidine 0.11 0.10 0.11 68.2 

7.6" " + 20 mg. 0.39 0.33 0.32 124.1 
p-aminobenzoic acid 

0.5 gm. sulfanilamide 0.17 0.15 0.15 69.4 

.5* - + 20 mg. 0.45 0.41 0.37 126.0 
p-aminobenzoic acid 

50 mg. p-aminobenzoic acid 0.49 0.50 0.46 132.5 

> | i “ 0.30 0.18 0.08 64.2 

Control 0.10 0.06 0.05 60.0 


butter yellow) in amounts at least equal to the optimal rat-day doses; 7.e., 
thiamine 50 y, riboflavin 200 y, pyridoxine 50 y, calcium pantothenate 100 
y, biotin 20 y, inositol 1 mg., p-aminobenzoic acid 1 mg., nicotinic acid 1 
mg., and 25 mg. of choline chloride. At these levels no inhibition of the 
oxidation of linoleic acid was observed. When in the experiments with 
sulfonamide drugs higher doses of p-aminobenzoic acid (20 mg. or above) 
proved to have antioxygenic activity, the investigations with B vitamins 
were revised by using 20 times the amounts previously tested. To this 
mixture were added also 250 y of a concentrate of folic acid, with a purity of 
5.5 per cent. The B vitamins at these higher levels were tested, combined 


® Kindly supplied by Dr. R. J. Williams, The University of Texas, Austin. 
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and singly. With the exception of p-aminobenzoic acid noné of the vita- 
mins showed any significant antioxidant activity. Nicotinic acid and the 
preparation of folic acid gave very slight and transitory protection that 
lasted in both cases only to the 5th day of the experiment. The activity 
of the combined B vitamins was determined in large part by the presence 
of p-aminobenzoic acid. Removal of p-aminobenzoic acid deprived the 
mixture of significant antioxygenic activity, although minor and very 
transitory activity could be demonstrated even in the absence of p-amino- 
benzoic acid. 

Hydroquinone and a-Tocopherol in Stabilization of Linoleic Acid-Butter 
Yellow System—Hydroquinone (7) and a-tocopherol (8) are known to pos- 
sess antioxidant properties. For purposes of comparison it was desirable 
to measure their ability to stabilize the linoleic acid-butter yellow system. 
100 mg. of hydroquinone added to 10 gm. of the experimental mixture as- 
sured complete protection even after 21 days (iodine number 132.0 and 
concentration of butter yellow 0.59 mg. per gm.). Smaller amounts of 
hydroquinone (20 mg.) reduced the protection so that after 21 days the 
iodine number was 124.2 and the concentration of butter yellow 0.37 mg. 
per gm. 

a-Tocopherol was found to be less potent as an antioxidant than was 
hydroquinone. 25 mg. of synthetic a-tocopherol (Merck), when tested in 
the usual manner, showed complete protection up to the 8th day only, the 
concentration of butter vellow at this time being 0.60 mg. per gm. By the 
2ist day, however, the value fell to 0.16 mg. per gm. and the iodine number 


was 74.1. 
DISCUSSION 


Although the importance of antioxidants as means for retardation of 
autoxidation has long been recognized (9) in the field of chemical technology 
including food conservation, their part in strictly biological processes has 
not yet received the attention it seems to merit. Only quite recently has 
discussion started on the réle of special antioxidants, mainly of vitamin E 
(a-tocopherol) as intestinal antioxidants with their point of attack in the 
intestinal lumen. The relevant claims dealt with the intestinal destruction 
of ingested carotene in the presence of unsaturated fatty acids and in simul- 
taneous absence of vitamin E (10-12). Supplements of vitamin E pre- 
vented the coupled intestinal oxidation of carotene. 

Past (1) and present studies have extended the scope of study on anti- 
oxidants beyond that of vitamin E and generally beyond the class of 
purely fat-soluble antioxygenic substances (13), and as far as coupled 
oxidations are concerned, beyond carotene to other autoxidizable sub- 


stances such as butter yellow. 
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From the present investigations it became apparent that a-tocopherol 
and the classical antioxidant, hydroquinone, are not as potent antioxidants 
for the preservation of butter yellow as are grains, yeast, liver, and their 
crude aqueous extracts. The common characteristic of all these and other 
similarly active substances (molasses, milk sugar residue) as well as con- 
centrates is their occurrence in crude sources of the whole vitamin B 
complex. Of all the known members of the B complex, however, only 
p-aminobenzoic acid exhibited appreciable antioxidant activity. This 
finding notwithstanding, one can definitely conclude that p-aminobenzoic 
acid is not identical with the potent antioxidant as it occurs in sources of 
the B complex and especially with that in rice bran extract or in solubilized 
liver (norit eluate factor (5)). 

With the norit eluate factor and the rice bran extract one is confronted 
with the same situation regarding the neutralizing power of the eluate 
factor and p-aminobenzoic acid on the toxic effect of sulfaguanidine in 
rats. It has recently been shown (5) that this liver factor is distinct from 
p-aminobenzoic acid for various reasons, the most important of which is 
the negative result of the microbiological assay for p-aminobenzoic acid 
in therapeutically effective amounts of the eluate factor. In our own 
investigations crude rice bran extract (with about 70 per cent dry residue) 
was weight for weight (50 mg.) definitely more active as an antioxidant 
than was p-aminobenzoic acid. Furthermore, in microbiological assay 
crude rice bran extract was found to be almost devoid of free p-amino- 
benzoic acid (1 y per gm.’). 

Against the identity of the antioxidant in rice bran extract with folic 
acid militates the fact that the microbiological assay of rice bran extract 
revealed the presence of only about 6 y of folic acid per cc.’ 250 y of a 
folic acid concentrate with a content of about 13 y of pure folic acid 
exhibited an incomparably lower antioxygenic activity than has been 
exerted by 0.33 or even 0.07 cc. of rice bran extract. In this connection 
it is of interest to note that through recent investigations of Nielsen and 
Elvehjem (14) the identity of the liver factor which neutralizes the growth- 
depressing effect of succinylsulfathiazole in rats with folic acid became 
very probable. 

Aromatic amines, such as aminophenols, are commonly used anti- 
oxidants in technical chemistry, for instance in preservation of rubber or 
oil (9). In view of this fact and of the close structural similarity the anti- 
oxidant quality of p-aminobenzoic acid could almost have been predicted. 
The biological consequences of the rédle of p-aminobenzoic acid as an anti- 
oxidant invite further investigations. 


7 We are indebted for this information to Dr. M. Landy of the Research Labora- 
tories, the S. M. A. Corporation, Chagrin Falls, Ohio. 
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SUMMARY 


1. The coupled oxidation of butter yellow proceeds more slowly in the 
heterogeneous system consisting of corn-starch, methyl linoleate, and 
butter yellow than in a system in which linoleic acid is substituted for its 
methyl ester. 

2. Grains (oats, wheat, corn) and the commercial oat flour preparation 
Avenex exhibited high antioxidant activity in the linoleic acid-butter 
yellow system. 

3. Aqueous rice bran extract contains a very potent antioxidant. Other 
sources of the vitamin B complex such as yeast, yeast extract, liver extract, 
molasses, and milk sugar residue have also shown antioxygenic properties. 

4. The antioxidants in rice (polished or unpolished), rice bran extract, 
Avenex, and yeast have been found to be heat-labile. In yeast extract 
or in rice bran extract no destruction by autoclaving at pH 10 was observed. 

5. The antioxidant of rice bran extract is dialyzable and partially 
soluble in linoleic acid. 

6. Of all the known B vitamins only p-aminobenzoic acid has proved to 
be significantly antioxygenic, at least under the experimental conditions 
chosen. 

7. The antioxidant of rice bran extract and of potent liver fractions, 
however, is certainly not identical with p-aminobenzoic acid. 

8. Vitamin E and hydroquinone are only moderately active antioxidants 
for the system under investigation. 
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The various methods of extracting and purifying prolactin, the lacto- 
genic hormone of the anterior pituitary gland, are based at least in part 
on the observation that this hormone is soluble in 60 per cent ethanol 
(pH 10) and 85 per cent acetone (pH 1.5), while most of the accompanying 
inert proteins are not (1-4). Alcohol and acetone of higher concentration, 
however, will precipitate the hormone from these solutions. 

In the course of experiments on the purification of prolactin the sur- 
prising observation was made that this protein hormone becomes highly 
soluble in 99.8 per cent methanol and 95 per cent ethanol as well as in 
certain other organic solvents if the pH is adjusted appropriately. In 
view of the fact that up to date only a few alcohol-soluble proteins have 
been described it was thought desirable to learn more about this unusual 
behavior of prolactin. In the present report the results of investigations 
with purified hormone preparations will be presented first, followed by a 
description of experiments with fresh pituitary glands.’ 


EXPERIMENTAL 

Purified Prolactin and Organic Solvents—Prolactin, though insoluble in 
organic solvents at its isoelectric point of pH 5.7, is highly soluble in 99.8 
per cent methanol and 95 per cent ethanol in the presence of a small amount 
of acid. Under the same condition it is also dissolved, but to a lesser 
degree, by absolute ethanol and propylene glycol. The most favorable 
acidity apparently lies in the neighborhood of pH 3; yet the solubility of 
prolactin in alcohols extends over a wide range, from below pH 1 to about 
pH 4.7. If the acidity is increased much beyond pH 1, the hormone 
becomes reversibly insoluble in these solvents as it does in water. Hydro- 
chloric, sulfuric, glacial acetic, sulfosalicylic, trichloroacetic, and probably 
many other acids may be used to bring prolactin into solution with meth- 
anol or 95 percent ethanol. Sulfosalicylic and trichloroacetic acids deserve 
special attention, for prolactin is precipitated completely by these two 
protein precipitants from an aqueous solution. Other excellent solvents 
for prolactin are anhydrous acids such as glacial acetic and propionic acids. 
The following studies, however, will be confined to solutions of prolactin 


in methanol and ethanol. 


! For the biological assays see the following paper. 
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The isolation of prolactin from its solution in acid alcohols can be 
achieved in three different ways. 

Precipitation with Ether or Acetone—Though both solvents will precipi- 
tate most of the active material when added in quantities equal to that of 
the methanol solution, it was found more satisfactory to use 2 volumes of 
technical ether or 4 volumes of acetone, because in that case the precipita- 
tion flocculates and settles immediately. By decanting off the clear super- 
natant and washing the precipitate two or three times with dry ether, 
before it is brought to dryness, white powders are obtained which are again 
completely soluble in methanol without any further addition of acid. 

Precipitation by Raising pH tod or Above—The advantage of this method 
lies in the smaller volume used; the disadvantages are, however, that any 
pigment present will! precipitate along with the hormone and that in order 
to bring such preparations back into methanol solution the pH has tobe 
readjusted. Elimination of the pigment can be achieved by the use of 
charcoal (norit A, Eimer and Amend). As large amounts of it adsorb 
lactogenic activity, one has to add the charcoal in small portions to the 
acid methanol solution of prolactin until a sample upon filtration is free 
from pink color. In a number of experments carried out with different 
starting materials and under varying conditions, it was always found 
satisfactory to use 0.5 to 0.6 gm. of norit A per 1 gm. of dissolved protein, 
regardless of whether the concentration of protein in methanol was 0.08 
or 1.6 per cent. 

Evaporation of Solvent in Vacuo at Low Temperature—It was found that 
evaporation of the solvent is possible without loss of any prolactin activity. 
Small amounts can even be carefully evaporated on the water bath. Since 
a methanol solution of prolactin may be filtered through a Seitz pad EK 
without any loss of potency, sterile solutions of prolactin in methanol can 
thus be prepared and afterwards evaporated under sterile conditions. 

In order to obtain some information on the extent to which prolactin is 
soluble in both methanol and ethanol, a number of solubility tests were 
made with two highly purified prolactin preparations, one derived from 
sheep, the other from beef pituitary glands. A description of these two 
preparations follows. 

A new method, which will be outlined in the following communication, 
was applied to obtain hormone preparations assaying approximately 30 
I.U. per mg. They were completely soluble in alcohol but still contained 
some salt. They were, therefore, dialyzed in the ice box, until all of the 
material had precipitated isoelectrically (12 days). The precipitate was 
dissolved in methanol with the addition of a small amount of concentrated 
hydrochloric acid. 2 volumes of ether were added and the resulting 
precipitate was separated by centrifuging and was then dried with ether. 
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The dried preparations were subsequently twice redissolved in methanol 
and precipitated with ether in order to get rid of a small amount of material 
which was less soluble in methanol. No acid was used in these last steps. 
The two preparations thus obtained were dried in a desiccator over calcium 
chloride. Biological assays indicated that both preparations now con- 
tained only 20 1.u. per mg. As may be seen from the experiments dis- 
cussed in this and the following publication, treatment with acid methanol 
does not change the potency of prolactin preparations. It is therefore 
suggested that this reduction in potency is due to the prolonged dialysis 
rather than to the treatment with acid methanol. 

When 25.0 mg. of each preparation were dissolved in 10 cc. of water, the 
solutions showed pH values of 3.04 and 3.10 for sheep and beef prolactin, 
respectively. (The same values were encountered when methanol was 
used as solvent.) To get the isoelectric reaction (pH 5.70), 2.63 and 2.58 
ec. of 0.01 mM sodium hydroxide had to be added. This amounts to 1.04 
milliequivalents of hydrochloric acid bound in each gm. of prolactin hy- 
drochloride, corresponding to 1.46 per cent of basic nitrogen. Chlorine 
determinations, on the other hand, revealed 3.96 and 4.08 per cent chlorine, 
respectively, corresponding to an average of 1.58 per cent of basic nitrogen. 

To 0.200 gm. of prolactin hydrochloride (sheep) 0.8 ec. of methanol 
(99.5 per cent, Eimer and Amend) was added and the mixture stirred well 
with a glass rod. An extremely viscous solution formed which became 
somewhat opalescent while it was being shaken at room temperature for 
{ hours. It was then centrifuged for 30 minutes at 2000 r.p.m. which 
caused separation of a small amount of clear heavy liquid from the gelat- 
inous remainder. The supernatant solution was weighed, brought to 
dryness in a vacuum desiccator over calcium chloride, and the dry weight 
determined. It was found that 56.2 mg. of methanol solution contained 
12.3 mg. of prolactin. The concentration was, therefore, 21.9 per cent 
by weight (¢ = 24.5°). 

Other tests were performed to determine the solubility of the two pro- 
lactin preparations in absolute and 95 per cent ethanol as well as in meth- 
anol saturated with sodium chloride (1.29 per cent of sodium chloride by 
weight). All these experiments were made by extracting 50 mg. of pro- 
lactin hydrochloride with 0.4 ec. of the solvent for 4 hours and evaporating 
a determined weight of the centrifuged solution to dryness. The results 
of these experiments are summarized in Table I. Though saturation was 
reached with certainty only in three experiments, others are listed as well 
to show the minimum solubilities. From the data in Table I, the following 
can be seen. (1) Prolactin hydrochloride is quite soluble even in absolute 
ethanol. The preparation derived from beef pituitary glands exhibited 
a somewhat higher solubility. (2) The solubility in 95 per cent ethanol is 
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at least 3 times greater than in absolute ethanol. (3) Prolactin hydro- 
chloride is highly soluble in methanol even in the presence of sodium 
chloride. 

Acid Alcohol Extraction of Prolactin from Fresh Pituitary Glands—For 
the following experiments, fresh undissected pituitary glands derived either 
from sheep or from beef were extracted with enough acidified absolute 
ethanol or methanol so that a final concentration of approximately 95 per 
cent resulted. 

250 gm. of undissected pituitary glands, passed two or three times 
through a meat grinder, are extracted in an ice bath for 1 to 2 hours with 
t liters of methanol and 5 cc. of concentrated hydrochloric acid (pH 3.9). 
If a stirrer that is not powerful enough is used, it might be necessary to 
force the tissue through a sieve, so as to avoid the formation of lumps. 
The mixture is then centrifuged for 10 minutes at 2000 r.p.m. The pink 


TABLE | 
Solubility of Purified Prolactin in Methanol and Ethanol 
pH 3.1, ¢ = 24-25°. 


Solubility of prolactin, 


Solvent source per cent by weight 
Methanol, 99.5% Sheep 21.9 
se 99.5% Beef >14.3 
Ethanol, 100% Sheep 3.5 
100% Beef 4.4 
95% ss >12.9 
Methanol, 99.5%, saturated with NaCl 35 >13.2 


extract may be treated in either one of two ways. (a) 2 volumes of techni- 
cal ether are added, causing an immediate precipitation which settles down 
within a few minutes. The clear supernatant is decanted and the re- 
mainder centrifuged. The solids are then stirred up in the centrifuge cup 
with dry ether and again centrifuged. They are removed from the cup 
with dry ether, collected on a Buchner funnel, and, while still ether-wet, 
transferred to a mortar and ground to complete dryness. The yield is 
about 10 gm. (6) The extract is stirred for a few minutes with 5 gm. of 
norit A, centrifuged, and freed from colloidal charcoal by filtration through 
a Seitz GP or EK filter pad. The filtrate, which is golden in color, is 
neutralized with 5 Mm NaOH to pH 5 to 6. This precipitate is worked up 
in the same manner as described above. The yield is about the same as 
in the first alternative. 

In Table II the results of five experiments are recorded. The data indi- 
cate that methanol extracts from fresh pituitary glands contain about 
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two-thirds of the prolactin activity in the case of sheep and three-fourths 
in the case of beef. The yield of active material is somewhat lower with 
ethanol. In Experiment 13-hs ground glands were pulverized in a mortar 
with the addition of dry ice until all of it went through a 40 mesh sieve, 
but no change in the distribution of the hormone between solution and 


TaBLeE II 
Acid Methanol Extraction of Prolactin from Fresh Pituitary Glands. Distribution of 
Weights and Activities between Alcohol Extracts and Residues 


All values are calculated on the basis of 1 kilo of whole pituitary glands. 


1H of a | Prolactin activity | 

Preparation No unten —~= R. 4 
extract Per mg. Total 
Sheep pituitary glands 

gm. i.u i.u. per cent 
4-hs-4, methanol-soluble* 2.5 43.8 1.85 81,000 63.9 
4-hs-2, methanol-insoluble* 158.0 0.29 45,800 36.1 
126, 800 100.0 
3-hs-4, ethanol-soluble* 2.8 10.9 1.63 66,700 50.5 
3-hs-2, ethanol-insoluble* 152.0 0.43 65, 400 49.5 
132, 100 100.0 
13-hs-4, methanol-soluble 1.7 42.0 3.44 144, 500 67.9 
13-hs-2, methanol-insoluble 145.5 0.47 68 , 400 32.1 


212,900 100.0 


Beef pituitary glands 


6-hb-4, methanol-solublet 3.9 37.0 2.30 85,100 74.1 
6-hb-2, methanol-insolublet 148.8 0.20 29,800 | 25.9 

114,900 100.0 
5-hb-4, ethanol-solublet 3.2 32.1 2.60 83,500 72.1 
5-hb-2, ethanol-insolublef 161.6 0.20 32,300 27.9 


115,800 100.0 


* The same lot of sheep pituitary glands was used. 
t The same lot of beef pituitary glands was used. 


residue was found. As can be seen from Table II, the potency of the 
active fractions lies between 1.6 and 3.4 I.u. per mg. Since purest pro- 
lactin assays 30 1.U. per mg., these crude fractions contain between 88.5 
and 94.6 per cent impurities, including 2.6 to 3.2 per cent ash. 

As can be seen from Table II, crude prolactin preparations with only 2 
to 3 1.U. per mg., containing probably between 80 and 90 per cent of inert 
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proteins, are easily soluble in acidified 95 per cent methanol or ethanol. 
It must, therefore, be concluded that the solubility in alcohols is a much 
more common property of proteins than had up to now been realized.” 

The results reported in Table II show that a considerable part of the 
prolactin activity remains in the acid methanol-insoluble residue. The 
same observation has been made with other extraction methods, as can be 
seen from experiments recorded in Table III. In Experiments 9-hs and 
37-pr the fresh sheep pituitary glands were extracted with water at an 
alkaline pH. (Different lots of pituitary glands were used for the three 
experiments listed.) 

Experiments designed to increase the extraction of prolactin activity 
were not successful. Even if it is assumed that the determination of the 
prolactin activity in the residues is falsified by the presence of inert pro- 


TABLE IT] 
Comparison of Aqueous and Alcoholic Extractions of Prolactin 


All values are calculated on the basis of 1 kilo of whole sheep pituitary glands. 


Description of extraction Prolactin 
Experiment 
No 
Type pH Total tim In residue In extract 
hr t.u t.u 

9-hs Water, 2 extractions 9.6 ! 42,100 71,400 
10.5 

37-pr 3 - 9.7 23 57,500 147 , 900 
9.9 
10.2 

59-pr Methanol, 1 extraction 2.0 1} 19 000 81,600 


teins (5), the question why part of the lactogenic potency resists extraction 
remains unanswered. 

Since the greater portion of crude prolactin fractions is soluble in alco- 
hols, a further treatment with these solvents cannot be expected to increase 
their purity. However, if a 2 per cent aqueous solution of the material 
is precipitated at pH 2.8 to 3.6 with 2 per cent sodium chloride and the 
precipitate treated again with methanol, preparations containing up to 
15 1.U. per mg. are obtained. 

2 gm. of the material are dissolved in 75 ee. of water. If necessary, the 
pH of the aqueous solution is adjusted to 2.8 to 3.6. After the mixture 


2 The question whether other pituitary hormones are contained in the methanol 
extracts from fresh pituitary glands can be answered at this time only with regard 
to the follicle-stimulating hormone. It was found that follicle-stimulating hormone 
is not soluble in 95 per cent methanol under the experimental conditions described 


above. 
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has been stirred in an ice bath for 1 hour, a solution of 2 gm. of sodium 
chloride in 25 cc. of water is added and stirring continued for 15 minutes. 
It is then centrifuged. The supernatant is discarded, and the residue is 
extracted twice with 20 cc. of methanol to which 1 drop of concentrated 
hydrochloric acid is added. The methanol extractions are combined and 
precipitated with 80 cc. of ether. The solids from the ether precipitation 
are worked up in the same way as described for the crude preparations. 
The yield is 0.20 to 0.25 gm. of material, assaying 13 to 16 1.U. per mg. 
In Table IV the distribution of weights and activities between the 
methanol-soluble and methanol-insoluble fractions of the precipitate ob- 
tained with 2 per cent aqueous sodium chloride is shown by two examples. 


TaBLe IV 
Purification of Crude Prolactin Fraction by Salt Fractionation and Methanol Extraction 
of Salt Precipitate 


All values are calculated on the basis of 1 kilo of whole pituitary glands. 


f “s Prolacti tivity 
. — To pH of Weight of a Total 
Preparation No., 2% NaCl ppt methanol ioghionn pers activity 
enteact Per mg. Total 


Sheep prolactin derived from 42.0 gm. of Preparation 13-hs-4 (see Table II) 
| 


gm. per cent i.u. iu. | per cent 
67-pr-4, methanol-soluble 3.6 5.2 15.7 | 15.7 81,600} 60.6 
67-pr-2, methanol-insoluble | | 28.0 84.3} 1.9 53,200) 39.4 


| | ——— 
| 33.2 100.0 134,800; 100.0 


3eef prolactin derived from 37.0 gm. of Preparation 6-hb-4 (see Table II) 


47,700} 53.5 


66-pr-4, methanol-soluble 2.8 3.7 13.2 | 12.9 
66-pr-2, methanol-insoluble 24.4 86.8 1.7 41,500) 46.5 
28.1 100.0 | 89,200} 100.0 


These data indicate that (1) the total yields from 1 kilo of whole sheep and 
beef pituitary glands were 81,600 and 47,700 1.v., respectively, (2) 2 per 
cent aqueous sodium chloride precipitated about 79 and 76 per cent of all 
proteins present in the original crude prolactin fractions, (3) not more than 
16 per cent of the salted-out material was soluble in methanol. These 
fractions, however, contained 54 to 61 per cent of the prolactin activity. 

It could be shown that this low methanol solubility was not a property 
of the original crude prolactin fractions (Preparations 13-hs-4 and 6-hb-4), 
the greater part of which was methanol-soluble. The great decrease in 
alcohol solubility of these proteins when wet salt precipitates were extracted 
with methanol, but not when the dry material was taken up in the same 
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solvent, suggests that alcohol denaturation is favored by the presence of 
either salt or water, or both. 


DISCUSSION 


Solubility of a protein in a high concentration of alcohol has been consid- 
ered up to now to be a very rare phenomenon. It has been shown in the 
present communication that alcohol solubility is, on the contrary, quite a 
common property among native proteins. Prolactin constitutes but a 
small fraction of the 20 per cent of pituitary proteins which were found to 
be soluble in 95 per cent alcohol. 

The known alcohol-soluble proteins are of two distinctly different types: 

1. Proteins which are alcohol-soluble at neutral reaction. Only a few 
plant proteins, the prolamins, are known to show such a property. They 
are best soluble in 70 per cent alcohol, but insoluble in either pure alcohol 
or pure water. They are believed to owe their peculiar behavior to a 
deficiency in charged groups and to an abundance of uncharged polar 
groups (low basic but high amide nitrogen). 

2. Proteins which are alcohol-soluble due to salt formation. In most 
instances the solubility of proteins in high concentrations of alcohol has 
been investigated only at a limited pH range. A protein which shows the 
remarkable property of being soluble in slightly ammoniacal 99 per cent 
ethyl alcohol is carbonic anhydrase, as was recently reported by Scott and 
by Scott and Fisher (6). A number of other proteins are known to be 
soluble in 60 to 70 per cent alcohol in the presence of alkali, one of them 
being prolactin (1). On the other hand, proteins which are soluble in such 
alcohol concentrations in the presence of acid are also known. To this 
group belongs Osborne’s alcohol-soluble casein fraction with the surpris- 
ingly high molecular weight of 375,000 + 11,000 (Svedberg and coworkers 
(7)) and various hormones. Though prolactin is quite unique in its high 
affinity towards alcohols, it is probable that it differs from the known 
representatives of this group more in degree than in kind. In which 
respect these proteins differ from other proteins which are unable to form 
alecohol-soluble salts is not known. Osborne and Wakeman (8) were 
unable to attribute the alcohol solubility of their protein to any special 
groups in its molecule, especially if comparison was made with the alcohol- 
insoluble casein; both have approximately the same proportion of amide 
nitrogen, and casein contains about 36 per cent more basic nitrogen than 
Osborne’s protein. However, the observation that alcohol-soluble pitui- 
tary proteins, except prolactin, lose their solubility in methanol during the 
process of purifying prolactin® suggests that the relative proportion of 
amino acids is not the only decisive factor which determines the solubility, 
but that the general structure of a protein is also of the greatest importance. 


? See also the following paper. 
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SUMMARY 


Prolactin is shown to be highly soluble, at a pH below its isoelectric 


point, in 99.8 per cent methanol and 95 per cent ethanol. This peculiarity, 
however, is shared by a large part of the proteus from fresh pituitary 


glands. 


D 


A method is described for the extraction and purification of prolactin. 


The author wishes to thank Dr. Erwin Schwenk for helpful advice and 


r. Erie Putter and Miss Frances Dobell for the biological tests. 
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{mong the numerous methods for the extraction and purification of the 
hormones of the anterior pituitary recorded in the literature, several proce- 
dures have been worked out especially with the view of securing as many 
as possible of the active principles (1-3). However, considerable over- 
lapping of the active principles in the fractions obtained makes the prep- 
aration of the hormones in pure form quite laborious. In view of these 
shortcomings we have tried to work out a method in which the starting 
material would be fractionated in such a way that a preparation of several 
hormones from one batch of glands could be more easily undertaken. 

Among the different methods tried, the emulsification of the pituitary 
proteins with organic solvents such as chloroform and their subsequent 
separation as a gel proved to be most promising. 

This method ofprecipitating proteins by treating their aqueous solution 
with chloroform has been known for a number of years and has been used 
frequently in the purification of polysaccharides (4). The only application 
of this method for the purification of a hormone was made by Gurin, 
Bachman, and Wilson (5), who used it to remove traces of protein from a 
highly purified chorionic gonadotropin preparation. The possibility of 
using this method for a separation of different protein fractions was, how- 
ever, not indicated by these authors. 

When macerated, undissected pituitaries are shaken with chloroform at 
a pH of between 5 and 6 and subsequently centrifuged, three distinct layers 
are formed. The lowest consists of chloroform in which most of the lipid 
substances of the tissue are dissolved. The layer above the chloroform is 
a gel which contains the bulk of the tissue proteins, together with prolactin 
and adrenotropic hormone. The top layer is a clear aqueous solution 
containing the gonadotropic hormones, thyrotropin, pituitrin, and other 


easily soluble substances. 


EXPERIMENTAI 


Biological Assays—The prolactin activity of our preparations was de- 
: . . . ° ‘ = 
termined by the weight increase of the crop sacs of white Carneau’ pigeons 


The pigeons wert the same breed as those used by Dr. Riddle for the dose weight 


curve 
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6 weeks of age according to the Riddle, Bates, and Dy kshorn dose-weight 
curve (6). Care was taken to check all crop sacs tor local stimulation. 
Assays showing no local response were rejected as negative For the con- 
version of Riddle units into international units, at least one group of squabs 
was injected each week with a standard, the potency ol which had been 
determined by comparison with an international standard of prolactin.” 
Five to ten pigeons were used per group 


I 


Chloroform Method—1 kilo of fresh, frozen, undissected pituitaries 


sheep or beef or hog) was passed through the meat grinder two or three 
times | liter of cold water was added and the pH ke pt between 8 and 9 
by the addition of 5 N sodium hydroxide. The mixture was stirred in an 
ice bath for 4 hours. 2 liters of water and 2 liters of chloroform were then 


added and enough glacial acetic acid to adjust the pH to a point between 


5 and 6: e.. nea the isoeleetri point of prolactin pH 5.70 Stirring was 


continued for another hou The mixture was then centrifuged for 25 
minutes at 2000 R.p.m., resulting in the formation of three lavers 


The clear, red-colored aqueous supernatant was decanted and poured 


into 54 times its volume of acetone, torming a white precipitate which 
contained the gonadotropic and thyrotropic hormones The vield was 
approximately 20 gm. for sheep pituitary, less for beef and hog pituitaries 


{bout 70 per cent of the original chloroform used could be decanted by 


lifting the solid cake Che latter was then stirred with an excess of acetone, 
filtered, and washed with more acetone It was dried, ground in a ball 
mill, and sifted through a 100 mesh sieve Che total vield was 175 to 180 


gm., independent of the source of the pituitaries 


) Ee rt achior oft pP sacl from f hla ofo ” (re 1) (l VWethanol key 


traction 10 gm. of the dried and sifted chloroform gel were extracted for 
| hour with 600 ec. of methanol (technical, 99.8 per cent), while enough 
concentrated | vdrochlorie acid was added approximately Le to keep 
the pH between 1.6 and 2.4 as measured by a glass electrode Stirring 
was carried out in an ice bath The residue, after centrifugation, was 


stirred up shortly with 400 ec. and then with 200 ec. of methanol without 


further addition of hvdrochlorie acid. The three methanol solutions 
were combined ad isted to pH 3 with a fe vy drops of 5 \ sodiun hvdroxide. 
and poured into 2 volumes of technical ether. The white prolactin precip 


itate settled promptly and was centrifuged, washed with dry ether, and 


dried. The vield was 3 to 4 gm The methanol-insoluble residue was 
dried with acetone 
First Salt Fractionation—3 gm. of the precipitate obtained from the 
We wish to thank Dr. Riddle for his courtesy in letting us | some standard 
pre : 1 also f ng som f our m 3] 
Fo liscussion of the solubility of pro tin in acid methanol, see the preceding 
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acid methanol extracts were dissolved in 150 ec. of water, the pH of the 
solution being kept at about 2.5 by dropwise addition of concentrated 
hydrochloric acid. Solid sodium chloride was added, with stirring, to a 
concentration of 5 per cent, causing prompt flocculation of the prolactin. 
The precipitate, after centrifuging, was extracted in a Waring blendor with 
150 ce. of methanol and centrifuged. The clear methanol supernatant was 
precipitated with 2 volumes of ether and the resulting prolactin precipitate 
dried. The yield was about 1 gm. The methanol-insoluble residue was 
reextracted in a Waring blendor with 150 ec. of methanol, centrifuged, and 
the supernatant precipitated with ether, yielding 0.2 to 0.4 gm. of material 
which was somewhat less active than the precipitate from the first extract. 

Second Salt Fractionation—The two methanol-soluble fractions ob- 
tained in step (3) were combined and again dissolved in water to a concen- 
tration of 2 per cent. Solid sodium chloride was added to a concentration 
of 2 per cent, and the resulting precipitate extracted with 80 cc. of meth- 
anol. The active fraction was then precipitated from this extract by 
neutralization with sodium hydroxide to pH 5 to 7. By this procedure 
the precipitation of any sodium chloride which is present in the methanol 
extract is avoided. The final precipitate was redissolved in 50 cc. of acidi- 
fied methanol and reprecipitated with 2 volumes of ether. The yield from 
sheep pituitaries was 0.4 to 0.5 gm. of prolactin, assaying approximately 
30 I.U. per mg. 

\ representative fractionation of sheep, beef, and hog pituitaries is 
recorded in Table I. The yields are calculated per kilo of fresh, undis- 
sected glands. It should be mentioned that, in agreement with the 
observation of Friedman and Hall (7), we found that different shipments 
of pituitaries of the same species vary considerably in prolactin activity. 

As can be seen from Table I, the chloroform gel from sheep pituitaries 
contains approximately twice as much prolactin as that from beef and hog 
pituitaries. It is realized that the large amount of insoluble tissue proteins 
in the starting material may increase the titer of these fractions owing to 
delayed absorption (7). In a few instances in which the chloroform gel 
was compared with acetone-dried pituitaries prepared from the same 
shipment, the dried glands appeared slightly more potent. The acid 
methanol extraction of the chloroform gel (step (2)) increases the activity 
per mg. 8- to 10-fold, and a yield of 50 to 60 per cent of the total prolactin 
activity is obtained. The residue, containing the bulk of the protein, 
shows an activity of 0.3 1.v. per mg. or about 40 to 50 per cent of the total 
activity. Again, the large amounts of inert proteins present in the residues 
may interfere with the determination of the prolactin activity of these 
fractions. The precipitation of prolactin from an aqueous solution with 
5 per cent sodium chloride followed by extraction with methanol (step (3)) 
increases the activity per mg. 2- to 3-fold, and a repetition of this operation 
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with 2 per cent sodium chloride (step (4)) again more than doubles the 
potency per mg. 

With the method as described in this communication we have repeatedly 
prepared prolactin containing 30 1.u. per mg. from sheep pituitaries in 
yields of approximately 2 gm. per kilo of fresh glands. The final product 
from beef pituitaries varies in weight between 1.0 and 1.5 gm. and assays 
26 to 30 1.u. per mg. With hog pituitaries, the method outlined brings the 
potency only to about 20 1.v. per mg. and necessitates further purification. 
All these preparations are amorphous, including those assaying 30 1.v. 
per mg. No physicochemical data concerning the purity of our prepara- 


tions have been ascertained. 


DISCUSSION 

Several methods for the preparation of the lactogenic hormone from the 
anterior pituitary have been described in the literature, based on the ex- 
traction of the active principle with 60 per cent ethyl alcohol at pH 10 
(8) and with 85 per cent acetone at pH 1.5 (9). Li, Lyons, and Evans 
(10) have obtained a pure protein of constant solubility and electrophoretic 
homogeneity, assaying 30 international prolactin units per mg. By a 
procedure based on Lyons’ method, White, Bonsnes, and Long (11) have 
prepared a similar prolactin from which they obtained the hormone in 
crystalline form. 

We have carried out some experiments trying to separate the gonado- 
tropic hormones from prolactin by the use of protein precipitants such as 
sulfosalicylic and trichloroacetic acids. However, the high acidity of the 
solutions resulted in considerable losses of gonadotropic activity and the 
experiments were therefore abandoned. The great advantage of using 
the chloroform method in the preparation of prolactin is seen in the possi- 
bility of preserving the other pituitary hormones in such a form that their 
subsequent isolation can be easily undertaken. Furthermore, the method 
as described here allows the preparation of prolactin in practically pure 
form in yields higher than those previously reported (11). 

The mechanism of the interaction between proteins and chloroform is 
not fully understood at present. Sevag and coworkers (12) are of the 
opinion that the protein when treated with chloroform does not undergo 
profound changes. By the use of this method, preparations of catalase 
(13), phosphatase (14), and of the immunologically active protein com- 
ponent of the streptococcal nucleoproteins (12) have been obtained without 
apparent denaturation. On the other hand, Andrews and coworkers (15) 
in their recent excellent study of the optimal conditions for the removal 
of proteins by chloroform, have come to the conclusion that “‘the precip- 
itated protein is denatured by the process to the point of being insoluble in 
water, salt solutions, and dilute acid and alkali.”” Our experiments with 
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some of the active factors of the anterior pituitary, although not originally 
intended to contribute to this question, seem to indicate that the chloro- 
form treatment does not impair the activity of the lactogenic hormone in 
the chloroform gel nor the potency of the follicle-stimulating hormone in 
the aqueous phase. We are inclined to believe that denaturation by 
chloroform treatment may depend, among other factors, on the pH, the 
concentration of the protein mixture, and the physical and chemical char- 


acteristics of the proteins involved. 


SUMMARY 


\ method of treating fresh, macerated pituitaries with chloroform has 
been described. By this method th® pituitary proteins are separated into 
two fractions, one which is soluble in water, containing among other active 
principles the gonadotropins and thy rotropin, and one which is a solid gel, 
containing prolas tin and adrenotropin. 

Che preparation of prolactin from the chloroform gel by extraction with 
acid methanol and sodium chloride fractionation has been outlined. The 
final product of 30 1.v. per mg. is obtained in a vield of approximately 2 gm. 
from 1 kilo of fresh sheep pituitaries. 

We wish to thank Dr. Karl Mever of the College of Phy sicians and 
Surgeons, Columbia University, for his advice in our work and Dr. Erie 
Putter and Miss Frances Dobell of our Biological Laboratory for carrying 


out the biological assays 
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The synthesis of proteins in biological systems is usually considered as 
a reversal of the enzymatic cleavage of these substances, the formation 
of peptide linkages between free amino and free carboxyl groups of dif- 
ferent entities. In recent years Bergmann and his collaborators (1) have 
obtained experimental verification of this concept of peptide synthesis. 

In spite of the recent rapid advances in our knowledge of the inter- 
mediary metabolism of proteins and amino acids and of the enzyme sys- 
tems involved in these changes, little attention has been paid to the pos- 
sibility that substances other than amino acids may take part in the 
biological synthesis of peptide chains. Linderstr@ém-Lang (2) has sug- 
gested a scheme for protein synthesis involving the reaction between a- 
dicarbony! derivatives and amines observed by Maurer and Woltersdorf 
(3) and enzyme systems such as the glutamic dehydrogenase of von Euler 
et al. (4) and the transaminases of Braunstein and Kritzmann (5). 

Biological analogues of three chemical methods of converting a-keto 
acids into amino acids have been demonstrated; namely, the reduction of 
the oximes of keto acids (6, 7), the hydrogenation of keto acids in the 
presence of ammonia (8, 4), and the transfer of amino groups from amino 
acids to keto acids (transamination) (9, 5). Several years ago we under- 
took to study in model systems the application of these methods to the con- 
version of certain a-ketoacylamino acids into peptides (10). At that time 
we demonstrated the conversion, among others, of pyruvyl-dl-alanine into 
dl-alanylalanine by the catalytic reduction of its oxime and by hydrogena- 
tion in ammoniacal solution. Methods of preparing the ketoacylamino 
acids have been developed by Bergmann and Grafe (11). 

We have now completed the synthesis of alanylalanine from pyruvyl- 
alanine by transamination with a-aminophenylacetic acid acting as donor 
of the amino group. The reaction was carried out by boiling an aqueous 
solution of pyruvyl-di-alanine and a-aminophenylacetic acid without a 
catalyst under the conditions previously employed in our laboratory for 
the study of uncatalyzed transaminations in model systems. Carbon 
dioxide and benzaldehyde were eliminated as volatile products. dl- 
Alanylalanine was isolated from the aqueous reaction mixture as the 
carbobenzoxy derivative. Since dl-amino acids were employed in the 

541 
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reaction, the carbobenzoxyalanylalanine was obtained as a mixture of 


diastereoisomeric racemates which could be separated only with difficulty. 

For purposes of comparison carbobenzoxyalanylalanine was prepared 
from alanine anhydride by a method analogous to that employed by 
Fischer and Kautzsch (12) in the preparation of benzoylalanylalanine. 
The procedure led to the formation of a mixture of diastereoisomers. By 
fractional crystallization the mixture could be separated into a number of 
fractions. ‘Two of these, Fraction A melting at 144.5-145.5° and Fraction 
B melting at 168-169°, appeared to represent pure racemic modifications. 
The determination of their configurational relationship must await their 
resolution. In addition to these pure fractions a considerable amount of 
the total product remained in fractions melting below 140° and could be 
separated only with large losses of material. A small fraction, C, melting 
at 133.5-135°, resisted efforts at separation into the higher melting frac- 
tions. This material appr ared to be either a solid solution of the other 
two fractions or a fortuitous mixture of constant melting point and crystal- 
line appearance. 

The carbobenzoxyalanylalanine obtained by transamination experi- 
ments gave on fractional crystallization a pure racemate melting at 167 
167.5° and a second fraction melting at 133-135°. The latter fraction 
could not be sé parated into other fractions because of lack of material and 
the wastefulness of the process. Neither fraction showed a de pression of 
the melting point when mixed with the appropriate fraction, B or C, ob- 
tained from alanine anhydride 

The three methods by which pyruvy lalanine has been converted into 


alanylalanine are formulated as shown (1 
O CH NOH CH 
H.NOH | 
CHy—C—CO—N H—_CH—COOH > CH ( CO—NH—CH—COOH 
H 
NH,(H : 
NH CH 
NH, CH CH—CO—NH—_CH—COOH 


R—CH—COOH 
I) 

Although Braunstein and Kritzmann (13) and Cohen (14) have shown 
that simple peptides do not appear to act as amino group donors in trans- 
aminase-catalyzed systems, the possibility that pyruvylamino acids or 
analogous derivatives of other a-keto acids may act as amino group ac 
ceptors in enzyme-catalyzed systems has not been investigated. 

The results of our model experiments permit the postulation of a com- 
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plete scheme for the synthesis of peptide chains and proteins from non- 
nitrogenous precursors of the amino acids, the validity of which in biolog- 
ical systems should be considered. The nitrogen may be drawn from at 
least three sources, hydroxylamine, ammonia, or other amino acids. It 
will be observed that the scheme involves only two fundamental reactions, 
amination and acylation, both of which are known to take place in biologi- 
cal systems. By alternate repetition of these fundamental reactions a 
peptide chain of any conceivable length could be synthesized. The end- 
product would be limited only by the assortment of a-keto acids available 
at the site of peptide synthesis. 

The mechanism given in (II) is consistent with the results of Schoen- 
heimer and his collaborators (15) in which isotopic nitrogen of a dietary 
amino acid was found in other amino acids of the body proteins. The 
protein molecule may be visualized as splitting at one peptide bond and 
the amino group so liberated may be removed by oxidative deamination, 
giving rise to an a-ketoacyl polypeptide. Reamination of the latter, either 
by transamination or by a reductive amination, followed by reformation 
of the peptide linkage would lead to a protein containing a nitrogen atom 


from some other source. 


Reduction of oxime 


. NH; 
Reduction of imine R’—CO—COOH 


R—CO—COOH 5 
= ; R—CH—COOH 
[ransamination 


R CO—CO—NH Repetition of Acylation 
Ist step | R’—CH—CO—NH a. 
R-—CH—COOH 
R—CH—COOH 
(IT) 


Chis hypothesis for biological peptide synthesis would complement the 
classical conception of synthesis by the formation of peptide linkages from 
the amino acids already present in these systems. The two processes may 
be pictured as interlocking, so that certain stages in the synthesis of a 
given peptide chain may be accomplished by one process while other stages 
are accomplished by the second process. Which process would prevail 
at any given stage would depend entirely on the availability of the requisite 


intermediates as amino acids or as keto acids. 
EXPERIMENTAL 


dl-Carbobenzoxyalanylalanine—An alkaline solution of alanylalanine was 
prepared from dl-alanine anhydride by the method of Fischer and Kautzsch 


1 All melting points reported are corrected. 
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(12). Alanine anhydride (8.1 gm.) was dissolved in 95 ec. of warm water. 
The clear solution was cooled to room temperature, treated with 65 ce. 
of normal aqueous sodium hydroxide solution, and allowed to stand at 
room temperature for 5} hours. At this time the solution was chilled in 
an ice bath and with continuous stirring and cooling was treated with 72 
ec. of normal sodium hydroxide and 12 ec. of benzyl chlorocarbonate added 
alternately, each in six equal portions, during 20 minutes. Vigorous stir- 
ring and cooling were continued for 20 minutes after the last addition. 
The slightly turbid reaction mixture was treated with decolorizing charcoal, 
filtered, and the clear filtrate made distinctly acid to Congo red by addition 
of concentrated hydrochloric acid. The product precipitated as an oil 
which quickly solidified on cooling and scratching. The yield of crude 
product after filtering by suction and washing with cold water was 10.5 

gm. (63 per cent 
The crude material was subjected to fractional crystallization first from 
water, when it was observed that a considerable degree of separation could 
be attained by removing the material which crystallized on partial cooling 
of the hot solutions. A lower melting racemate which seemed to be present 
in larger quantity St parated first from hot aqueous solutions. However, 
as this material was removed, a higher melting racemate was concentrated 
in the residual fractions. The latter appeared to have a lower solubility 
in water and separated first from hot solution upon recrystallization of 
the residual fractions. In this way about 2.3 gm. of fractions rich in the 
lower melting racemate, Fraction A, and | gm. of crude high melting race- 
mate, Fraction B, were obtained. By applying a similar technique to 
intermediate fractions but using ethyl acetate as the solvent 1.5 gm. 
further, Fraction A-1, of the lower melting product were obtained. Re- 
crystallization of the two fractions, A and A-1, from ethyl acetate and from 
f Fraction A, m.p. 144.5-145.5°, whose melt- 


water gave a total of 3.2 


Ini. ¢ 
ing point remained constant and which gave no other fractions upon re- 
cry stallization from either solvent. 

Analys CyyH,sN2O Caleulated, N 9.5; found, N 9.6, 9.5 

The second crude racemate, Fraction B, melted at 154-156 and reached 
a constant melting point after seven recrystallizations from water. The 
vield of pure Fraction B, m.p. 168-169° with sintering at 165°, was 0.4 gm. 

{ nalysis—C,,H,.N.O Calcul 


Fraction A crystallized from water as a cottony mass of long, slender 
needles and from ethyl acetate as tufts of small needles. Fraction B 
crystallized from water as coarse, well defined needles. Both substances 
were easily soluble in methy] and ethyl] alcohols, less soluble in cold ethyl 
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acetate (about 2 per cent) and cold water (about 1 per cent), and even less 
soluble in hot benzene, toluene, carbon tetrachloride, or ligroin. They 
could be precipitated in crystalline form by careful addition of ligroin to 
their solutions in ethyl acetate. 

A certain amount of material accumulated in several small fractions, C 
which crystallized from water as long needles, frequently in bunches, m.p. 
133.5-135 These fractions resisted separation into components even on 
crystallization from ethyl acetate-ligroin mixtures or from hot toluene in 


which they were slightly soluble at the boiling point. 
Analys ( iH NO Calculated. N 9.5; found, N 9.5 


One of the three fractions was probably a mixture of the other two, 
either as a molecular compound, a solid solution, or possibly a fortuitous 
mixture ol such composition as to compensate differences in solubilities. 
To determine which fractions represented pure components, equal amounts 

15 mg.) of each of different pairs (Fractions A and B, A and C) were mixed 

and recery stallized from water. Both mixtures melted over a wide range, 
Fractions A and B at 135-144° and Fractions A and C at 135-141°, indi- 
cating that, whereas Fractions A and B were probably pure racemates, 
Fraction C was either a solid solution or a mixture. 

Transamination with Pyruvylalanine and a-Aminophenylacetic Acid 
Pyruvylalanine was prepared by the procedure of Shemin and Herbst (10). 
A solution of 3.18 gm. (0.02 m) of d/-pyruvylalanine in 200 ec. of water was 
boiled under a reflux with 3.02 gm. (0.02 m) of dl-a-aminophenylacetic 
acid for 23 hours in an atmosphere of nitrogen. The presence of carbon 
dioxide in the nitrogen after passage through the apparatus was demon- 
strated qualitatively. At the end of the reaction period benzaldehyde was 
removed from the reaction mixture by steam distillation and isolated as 
the phenylhydrazone. The benzaldehyde phenylhydrazone after recrys- 
tallization from 60 per cent ethanol had a melting point and mixed’ melting 
point of 154-155° with decomposition. The yield was 1 gm; the reaction 
must have proceeded to at least 25 per cent of completion. 

After removal of the benzaldehyde, unchanged aminophenylacetic acid 
was removed by filtration of the chilled solution. The residue left, upon 
evaporation of the filtrate to dryness under reduced pressure on a warm 
water bath, was extracted first with warm acetone to remove unchanged 
pyruvylalanine and then with 40 ec. of cold water in five portions. The 
aqueous extract was made just alkaline to litmus by addition of 4 N sodium 
hydroxide solution and treated with 3 ec. of benzyl chlorocarbonate in 1 
ec. portions. During the addition of the chlorocarbonate the reaction 

? Mixed melting points were always determined simultaneously by placing the sub 


stance to be identified, the authentic sample, and their mixture in the same bath. 
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mixture was shaken thoroughly, cooled, and kept alkaline by the occasional 
addition of 4 N sodium hydroxide solution. On completion of the reaction, 
the mixture was shaken with a little charcoal, filtered, and the clear filtrate 
made distinctly acid to Congo r d by the eareful addition of concentrated 
hydrochloric acid. The product separated as an oil which solidified com- 
plete ly after several hours of chilling and scratching The vield of crude 
product was 1.9 gm. 

To remove any carbobenzoxy-dl-alanine which might he present, the 
crude product was dissolved in 20 ec. of boiling benzene. When the solu 
tion was cooled, 1.3 gm. of crystalline material melting over a wide range 
were deposit d When this material was reervstallized from 5 ee. of « thy] 
acetate, about 200 mg. of well crystallized material, m.p. 153-156", sepa 
rated slowly After seven recrystallizations from water 53 mg. of this 
material were recovered in the form of well formed, coarse needles, m p. 


167-167.5°, showing no de pression when mixed with Fraction B 
inaly C,H. Na) Calculated. N 9.5: found. N 9.5 


Careful fractional crystallization of the remaining material from ethyl! 
acetate. ethv!l acetate-ligroin mixtures, water. and tol lene led only to the 
isolation of about 100 mg. of carbobenzoxy-d/-alanine, m.p. 114—-115°, and 


a small amount 1) mg.) of a carbobenzoxvalanvlalanine fraction, m.p 


133-135°, showing no depression when mixed with Fraction C above 


{naly C,H, sN2O ( l N 9.5 LN 9.6 
SUMMARY 
| dl \lanvlalanine has been synthesized from pvru lalanine by t insa 


mination in a model system with a aminophe nvlacetic acid acting as thi 
amino group donor. The product was isolated as the carbobenzoxy 
derivative. 

2. The preparation ol the diastereoisomeric racemates of carbobenzoxy- 


dl-alanyl-dl-alanine from alanine anhydride is described 


3. A scheme for the biological synthesis of peptide chains from non 
amino acid precursors involving two simple reactions, amination and 


acvlation, 1s suggested 
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THE METABOLISM OF d-LYSINE INVESTIGATED WITH 
DEUTERIUM AND HEAVY NITROGEN * 


By 8. RATNER, NORMAN WEISSMAN, anno RUDOLF SCHOENHEIMERf 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 29, 1942) 


It has been recognized for some time that the ability of young rats to 
utilize for growth certain stereochemically unnatural amino acids must 
be associated with physiological conversion to the natural configuration 
‘see the discussion in (1, 2)). The mechanism by which this is accom- 
plished in vivo has been demonstrated directly in full grown animals. In 
one case, when d-a-amino-y-phenylbutyric acid containing marked nitro- 
gen in the amino group was fed to rats, it resulted in the excretion of the 
acetylated natural form in which the marked nitrogen had been replaced 
by normal nitrogen (1). In another case, when d-leucine containing N™ 
in the amino group and deuterium attached to the carbon chain was 
administered, the natural leucine isolated from the tissue proteins con- 
tained deuterium but practically no N. During the process of inversion, 
deamination and reamination had occurred, resulting in replacement of 
the original nitrogen (2). 

The reversible deamination of both natural and unnatural amino acids 
is now regarded as a rapid and general process in the intact organism, but 
little is known of the behavior of d-lysine. ‘The metabolism of the natural 
form of lysine is apparently unique in character. When /-lysine contain- 
ing deuterium attached to the carbon chain and N" in the a-amino group 
was fed, the ratio of deuterium to N™ in the lysine isolated from the body 
proteins was the same as that in the supplement (7). It was evident that 
the dietary lysine deposited in protein had not undergone reversible deamina- 
tion. However, the presence of N' in other amino acids of the tissues and 
in the excreta indicated that a considerable fraction of the isotopic lysine 
had been degraded, and it was suggested as one of several possibilities that 
the absence of nitrogen replacement in the a-amino group might be due to 
failure of the keto acid to be reaminated, once this nitrogen has been 
removed. The failure of a-hydroxy-e-amino-n-caproic acid to support the 
growth of immature rats on a lysine-free diet (3) and the observation (4) 
that a keto acid is excreted by rats when /-lysine is added to a protein- 
free diet suggest a similar possibility. 

* This work was carried out with the aid of grants from the Rockefeller Foundation 
and the Josiah Macy, Jr., Foundation. 

t Died, September 11, 1941. 
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Recognition of a separate amino oxidase system which attacks only the 
unnatural amino acids makes it apparent that the metabolic behavior of 
one form of an amino acid cannot be predicted from that of its antipode. 
l-Glutamic acid is reversibly deaminated with great speed, both in vivo’ 
and in vitro (5); yet a large fraction of the unnatural form is found in the 
urine unchanged with respect to original nitrogen (6 On the other hand, 
both d- and /-leucine and d- and [-ty rosine, when fed in small amounts, 
are deaminated with equal ease. 

The resolution by Weissman and Schoenheimer (7) of isotopic d/-lysine 
containing deuterium attached to the carbon chain and N* in the a-amino 
group provided the unnatural isomer employed for the present investiga- 
tion. When administered to growing rats as a dietary supplement in 
small amounts under the same conditions as those previously employed, 
d-lysine containing the original concentrations of deuterium and N™ was 
found in the urine. 

Distribution of Nin Urinary Nitroge n—When the metabolic course of 
dietary nitrogen is followed by the administration of isotopic amino acids 
such as glycine (8), /-leucine (9), d-leucine (2), dl-tyrosine (10), or /-lysine 
(7) containing N* in the a-amino group, part of the marked nitrogen was 
found in the urine. In all these experiments the concentration of N™ in 
the total urinary nitrogen was about the same as that in the urea. This 
was to be expected, since urea normally comprises 80 to 90 per cent of the 
total urinary nitrogen. The N™ concentration of other urinary constitu- 
ents such as ammonia and creatinine, though not identical with that of 
urea, hardly altered the average value of excreted nitrogen which the 
N® concentration of the total urinary nitrogen represents As they were 
present in small amounts, their content of both normal and _ isotopic 
nitrogen constituted only a small fraction of the total. The data are given 
in Table | IO! comparison with results obtained on Tet ding isotopic d-lysine. 
In the latter case, the N“* concentration in the total nitrogen is much higher 
than in the urea, indicating that a fraction of nitrogen, of very much higher 
isotope concentration, has been excreted in a form other than urea. It was 
suspected that the isotope might be located in ly sine excreted unchanged 
in the urine. This was found to be the case. 

Isolation of d-Lysine from Urine—Lysine was isolated from the urine 
by precipitation with phosphotungstic acid and purified by recrystalliza- 
tion of the dihydrochloride. A fraction of the isolated material was 
converted to the dibenzoy! derivative for deuterium analysis. ‘This mate- 
rial proved to be the unnatural form containing the same concentration 


! Unpublished data. 


As in the experiment with l-lysine, young animals were employed in order to 


obtain conditions of maximum amino acid demand. 
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of N'° and deuterium as the compound which was fed. There can be little 
doubt that the amino acid was excreted as such, as the isolation procedure 
was unlikely to hydrolyze any but the most labile linkage. 

Lysine in Tissue Proteins—The d-lysine employed for feeding was 
synthesized so as to contain deuterium stably bound in the 8, y, and 6 
positions. If after ingestion reversible deamination and inversion had 
occurred, permitting utilization of the original carbon chain for amino acid 
synthesis, deuterium, but not N", would be present in the lysine of the 
body proteins. However, the lysine isolated from the rat tissues was 
found to be of natural configuration and contained neither deuterium nor 
N. Failure to utilize the carbon chain of ingested d-lysine is in entire 


agreement with the results obtained after the natural form is fed, for 


TABLE | 
Concentration of N° in Total Nitrogen and Urea of Urine after Feeding Isotopic Amino 
Acids 
The values are calculated on the basis of 100 atom per cent N™ in the compound 


administere d 


a : ‘ : N'5 concentration N48 co icentration in 
in urea nitrogen total urinary nitrogen 
tom per cent atom per cent 

Glycine 2.2 2 8 
l Leuc ine 2.4 2.3 
i-Leucine 1.3 1.8 
il-Tyrosine 3.4 3.4 
l-Lysine 2.4 2.1 
i-Lysine 1.0 5.8 


unless reamination of the intermediate keto acid can take place, inversion 
does not occur. 

Distribution of Ingested Lysine Nitrogen—Most of the N® (69 per cent) 
was found in the urine (Table II). Though an appreciable fraction of the 
ingested d-lysine was excreted, some degradation had occurred, resulting 
in the utilization of ingested isotopic nitrogen. 21 per cent of the adminis- 
tered isotope was found in the tissue proteins and was present in amino 
acids other than lysine (Table III). Only 5.5 per cent was present in the 
non-protein nitrogen fraction. The fraction found in the feces was small 
(1.5 per cent), indicating that the material was well absorbed. 

A rough estimate of the amount of unchanged d-lysine excreted may be 
made on the assumption that of the total urinary nitrogen, approximately 
80 per cent is urea and 10 per cent is ammonia. These urinary constitu- 
ents, which contained 0.046 and 0.189 atom per cent N"® respectively, 
account for 19 per cent of the N™ added to the diet. The remaining N”® 
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in the urine (50 per cent of the total fed) probably exists mainly as d-lysine, 
of which 895 mg. should be present. Approximately one-third of this 
amount was recovered in pure form. No attempt was made to obtain a 
high yield during the isolation procedure; the aim was to secure material 


of sufficiently high purity for isotope analysis 


raBLe I] 


Balance of Nitrogen Isotope after Feeding Isotopic d Lysine 
Che value re calculated from the total nitrogen of the fractions and their isotope 
concent! 
t 
Feces ] 7) 
Urine 69 1 
N " i ‘ ~ 5 5 
Protein nitroger 91.4 
I pe! 17.5 


| f l ( t (Hh) er cent i the 
a g ) ( t! ies +-() O7 
per ¢ 
™m™ 
| y 0 As] 0.3] 
Ami N 0.59 G i 0). 22 
Arginine 0.24 Lysine 0.09 
EXPERIMENTAI 
Details of the preparation of the isotopic d-lvysine have been published 
7 The dihydrochloride contained 6.9 atom per cent deuterium (cor- 
responding to 7.9 atom per cent in the lvsine itself) and 2.2 atom per cent 
N' excess. As the N"™ was present in the a-amino group only, this group 
had an isotope concentration of 4.4 atom per cent N™ excess It contained 


12.6 per cent N by Kjeldahl analysis (theory for CsHygN2OeCle, calculated 


for 7 atom per cent deuterium, 12.7 per cent 


$ 15.7° (2.9% in H.0 
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Feeding Experiment—Three young male rats having a combined weight 
of 311 gm. consumed 135 gm. of stock diet containing 1.79 gm. of isotopic 
lysine dihydrochloride over a 4 day period. The latter was added to the 
daily food allotment as a solution along with 2 equivalents of sodium 
hydroxide. An amount of sodium chloride equal to that supplied in the 
supplement was omitted from the usual salt mixture. Urine and feces 
were collected quantitatively in metabolism cages. At the end of the 
experimental period the combined weight of the animals was 354 gm. 

Analysis of Excreta—The combined feces were dissolved by digestion in 
hot concentrated H.SO, and aliquots employed for analysis. The feces 
contained 330 mg. of N having 0.024 atom per cent N“ excess. The pooled 
urine of the first 3 days contained 1.428 gm. of nitrogen having 0.216 atom 
per cent N' excess. The last day’s urine, which was treated separately, 
contained 169 mg. of nitrogen with 0.256 atom per cent N“ excess. Urea, 
isolated as the dixanthydry! derivative, had 0.046 atom per cent N™ and 
6.7 per cent N (theory 6.7 per cent N). A sample of ammonia was ob- 
tained by treatment with permutit and subsequent distillation. It had 
0.189 atom per cent N™, 

Isolation of d-Lysine from Urine—After the removal of samples for 
analysis, the urine of the entire period was combined, concentrated in vacuo 
to 35 ec., and treated with mercuric acetate and sodium carbonate, accord- 
ing to the directions of Neuberg and Kerb (11). Mercury was removed 
from the insoluble fraction by treatment with H.S and the lysine precipi- 
tated by phosphotungstie acid. This precipitate was decomposed by 
extracting the suspension in dilute HC! with butyl alcohol-ether mixture 
in the usual manner. The aqueous layer was concentrated to a syrup 
and taken up in 10 ce. of aleohol. Insoluble material was removed by 
filtration and 30 ce. of acetone were slowly added to the filtrate. The 
crystalline mass which formed on standing was recrystallized three times 
in a similar manner by dissolving in a few drops of water, adding 5 ec. of 
alcohol, and finally 15 to 20 cc. of acetone. The resulting 289 mg. of 
purified lysine dihydrochloride contained 12.6 per cent N (Kjeldahl) and 
2.23 atom per cent N® 

la]lp = 15.9° (2.2% in HO) 
Part of this material was converted to dibenzoyllysine, which, after recrys- 
tallization once from water and twice from acetone, melted at 149-150°. 
It contained 7.75 per cent nitrogen by Kjeldahl analysis (theory 7.9 per 
cent) and 5.08 atom per cent deuterium which corresponds to 7.00 atom per 
cent deuterium for lysine dihydrochloride. 

Isolation of Amino Acids from Body Proteins—The intestinal contents 
were removed, and the whole animals were minced and extracted with 6 
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per cent trichloroacetic acid in the usual manner. The extract, constitut- 
ing the non-protein nitrogen fraction, contained 1.025 gm. of nitrogen and 
0.027 atom per cent N® excess. The protein residue was hydrolyzed in 
boiling 20 per cent H.SO, for 24 hours and the acid removed by neutraliza- 
tion with Ba(OH)». The hydrolysate contained 7.69 gm. of nitrogen and 
0.014 atom per cent N™ excess. 0.23 gm. of amide nitrogen containing 
0.027 atom per cent N' was removed by distillation in vacuo in the presence 
of excess Ba(OH)e. Glutamic and aspartic acids, precipitated as the 
barium salts, were isolated as copper aspartate containing 7.10 per cent N 
Kjeldahl and 0.014 atom per cent N® excess and glutamic hydrochloride 
containing 7.60 per cent N and 0.010 atom per cent N” excess. Arginine 
was isolated as the flavianate and converted to the Dp toluenesulfony! 
derivative. This melted at 260-261 with decomposition; it contained 
14.8 per cent N (Kjeldahl) (theory 14.7 for Cy;HaeO NaS -3H2O) and 0.011 
atom per cent N 

Lysine and histidine wer precipitated by means Ol phosphotungstic 
acid and the precipitate decomposed. Histidine was precipitated with 
Hele at | H 7 (12); lvsine was isolated from the supernatant as the dihy- 
drochloride and purified as de scribed above. 125 mg. were finally ob- 


tained. 


a + 15.8° (2.97% in H.O 


N 12.7 per cent (Kjeldahl) contained 0.004 atom per cent N 
Part of the material was converted to the dibe nZo\ | derivative for deute- 
rium analysis. It contained 7.82 per cent N (Kjeldahl) and 0.02 atom 


per cent deuterium 
DISCUSSION 


\lthough the excretion of d-lysine has not been reported previously, 
the appearance of other unnatural amino acids in the excreta of normal 
animals is well known Wohlgemuth (13) found in 1905 that rabbits 
excreted d-tyrosine, d-glutamic acid, d-leucine, and d-aspartic acid when 
these amino acids were given in racemic form. Both the dog (14) and the 
cat (15) have been found to behave similarly with respect to tyrosine 
However, it appears from the data in Table I that the rat can deaminate 
both d-tyrosine and d-leucine adequately when these amino acids are 
offered in moderate amounts. Similar results were also obtained with d- 
aspartic acid, Apparently excretion of these three amino acids occurs 
only when the existing mechanism is overwhelmed by an excessive supply 
The ability of the rat to deaminate d-lysine appears to be more restricted, 


1-Glutamic acid was also found to be largely excreted (6) and should be classified 


with lysine in this respect. 
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for when given in approximately the same moderate amount as the other 
isotopic amino acids (19 mg. of lysine nitrogen per rat per day, correspond- 
ing to 6 per cent of the dietary nitrogen) at least half of the original mate- 
rial was excreted. It is probably pertinent that d-lysine has been found 
to resist the action of d-amino oxidase (16, 17). 

Since in the present experiments N“ was found in urea and ammonia 
and in the proteins of the tissues, some degradation of dietary d-lysine 
must have occurred, but the deaminative activity of the liver and kidney 
toward d-lysine can be only slight. Transfer of nitrogen via transamina- 
tion is hardly likely, since this enzyme system exhibits only negligible 
activity toward the unnatural amino acids (18). 

In any case, the present experiments show that the extent to which 
d-lysine is broken down by the rat is highly limited. 

It is to be expected, in general, that the rate of deamination of the un- 
natural amino acids will affect their availability for growth or maintenance. 
Although most of the essential amino acids can support the growth of rats 
when supplied in the unnatural form, d-leucine (19) and d-lysine (3, 20) 
are exceptions. The respective reasons for this exceptional behavior, 
however, are different. The deamination and inversion of d-leucine has 
been found to occur in adult rats (2) but the rate of this process is evi- 
dently insufficient to supply the whole growth requirement. On the other 
hand, the limiting factor in the case of d-lysine appears to be the non- 
reamination of the keto acid rather than its slow rate of appearance; 


the carbon chain is completely unavailable. 


SUMMARY 


1. Isotopic d(— )-lysine containing heavy nitrogen in the a-amino group 
and deuterium attached to the carbon chain was administered for 4 days 
in small amounts to young rats by addition to the stock diet. 

2. Approximately half of the ingested amino acid was excreted in the 
urine. Optical rotation and isotope analyses of the isolated material have 
shown it to be identical with the ingested compound. 

3. A fraction of the administered d(—)-lysine was broken down with 
loss of the a-amino group. This marked nitrogen appeared partly (19 per 
cent) in the urine, as ammonia and urea, and partly (21 per cent) in various 
amino acids of the tissue proteins. 

1. 1(+-)-Lysine isolated from the tissue proteins contained neither 
deuterium nor heavy nitrogen, indicating that the carbon chain of d(—)- 
lysine is unavailable for protein synthesis. The inability of the rat to 
convert d-lysine to lysine having the natural configuration is in harmony 
with the previous observation that l-lysine is not regenerated in vivo by 


reamination of its breakdown products. 





2U 


METABOLISM OF d-LYSINE 


BIBLIOGRAPHY 


du Vigneaud, V., Cohn, M., Brown, G. B., Irish, O. J., Schoenheimer, R., and 
Rittenbe )., J. Biol. Chem., 131, 273 (1939). 


Ratner. S.. Schoenheimer, R., and Rittenberg, D., J 


Biol. Chem., 134, 653 (1940 
MeGinty. D. A.. Lewis, H. B., and Marvel, C.8., J. Biol. Chem., 62, 75 (1924-25 
Waelsch, H nd Miller, H. K., J. Biol. Chem., 146, 1 (1942 

yn Euler, H., Adler, ., Giinther, G nd Das, N. B., Z. physiol. Chem., 264, 


Ratner. S.. Weissman, N nd Schoenheimer, R., Abstracts, Division of Biologi 

emistry n Cl | City, September (1941 
Weissman, N nd Schoenheimer, R., J. Biol. Chen 
Ratner, 8., Rittenberg, D., Kest ., a 


134, 665 (1940 
Schoenheimer. R.. Ratner, S., and Rittenberg, D., J. Biol. Chem., 180, 703 (1939 


i 
Schoenheimer. R.. Ratner, S., and Rittenberg, D., J. Biol. Chen 127, 333 (1939 


()rgani syntheses New 


Braunstein, A. | ind Azar R. M., Ne e, 144, 669 (1939 Cohn, P. F., 














4) 











A COLOR REACTION FOR METHIONINE 
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(From the Anal jtical Laboratory of Merck and Company, Inc., Rahway, New Jersey) 
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Because of the increasing research on the réle of the amino acids, their 
preparation in pure form is of primary importance. In establishing the 
purity of a compound, it is often desired to determine the absence of a 
specific contaminant. Methionine, an impurity likely to be present in 
commercial /-leucine derived from natural sources, nas been found to give 
a yellow color with a saturated solution of anhydrous cupric sulfate in 
concentrated sulfuric acid. This color reaction resembles that previously 
reported by Kolb and Toennies,’ who obtained a pale yellow to deep brown 
color, according to the concentration of methionine, with a solution of 
cupric chloride in concentrated hydrochloric acid. Because of the inter- 
fering color of the cupric chloride-hydrochlorie acid reagent, the sensi- 
tivity of their test is relatively low. Kolb and Toennies state that cupric 
chloride solutions in concentrated sulfuric, perchloric, or acetic acid do 
not produce a color with methionine. 

Cupric Sulfate-Sulfuric Acid Reagent—The reagent may be prepared by 
warming a slight excess of anhydrous cupric sulfate with concentrated 
sulfuric acid, cooling to room temperature, and allowing to settle. The 
clear, colorless, supernatant liquid is used. 

One batch of the reagent made from sulfurie acid containing 96.3 per 
cent H.eSO, and from anhydrous copper sulfate (98.1 per cent CuSO, on 
analysis) was found to contain 1.1 mg. of CuSO, per ml. at 25°. A second 
batch prepared from the same anhydrous copper sulfate but with other 
sulfuric acid, which assayed 95.8 per cent H.SO,, contained 1.3 mg. of 
CuSO, per ml. 

Sensitivity—It was found that the minimal concentration of methionine 
which can be detected visually with certainty is 0.1 mg. per ml. of reagent. 
In a volume of 1.0 ml. of the reagent increments of 0.1 mg. can be differ- 
entiated up to the level of 1.0 mg. of methionine. In the range of from 
1.0 to 2.0 mg., it is possible to distinguish increments of 0.2 mg., and as 
the methionine concentration increases further, the increments that can 
be differentiated become greater. 

Procedure for Detecting and Estimating Methionine in l-Leucine—Place 
100 mg. of the sample of /-leucine in a small test-tube (3 inch) and add 
1.0 ml. of the reagent. Shake or mix with a small stirring rod to facilitate 


. Kolb, : = and Toennies, G _ x Biol. Chem - 131, 101 (1939 ° 
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solution. If the resulting solution shows no yellow color when compared 


with a blank, it may be concluded that less than 0.1 mg. of methionine 
} 


is present or less than 0.1 per cent on a percentage basis The formation 
of a yellow color, however, indicates the presence of methionine. 

It was found by preparing a series of standards with and without leucine 
that the yellow color produced by methionine is intensified in the presence 
of leucine. The color of 0.2 mg. of methionine plus 100 mg. of leucine in 


1 ml. of the reagent matches that of 0.3 mg. of methionine in 1 ml. of the 


reagent without any leucine. 0.6 mg. of methionine plus 100 mg. of 
leucine matches approximately 1.1 mg. of methionine without leucine; 
1.2 mg. of methionine plus 100 mg. of leucine, about 2.5 mg. of methionine 
vithout leucine; and 1.8 mg. of methionine plus 100 mg. of leucine, about 
3.3 mg. of methionine without leucine. In compensation for the intensi- 
fication of color due to leucine, standards prepared for matching the yellow 


color must contain a quantity of methionine-free leucine equal to the 


TABLE [| 


Determination of Methionine Content of Unknow? 


1 XN 
4 ' 
] 0.2 0.25 0.2 
Z ti) Ss fs { “4 
o » 1.5 5 
weight of the sample taken. Synthetic d/-leucine, previously shown to 


dissolve in the reagent without any color, may be used for this purpose. 
Using a standard solution of methionine in the reagent containing 2.0 mg. 


of methionine per ml., prepare the necessary standards for matching the 
color produced by the sample Kach standard contains 100 mg. of dl- 


leucine (or methionine-free /-leucine), and a known volume of the standard 


methionine solution, plus a volume of the reagent to make the final volume 


1.0 ml. By spacing the standards at intervals of 0.1 ml. of e standard 
solution (0.2 mg. of methionine), the methionine content of the sample of 
l-leucine can be estimated to within 0.1 mg. or within 0.1 per cent on the 
basis of a 100 mg sample. If the methionine content of the /-leucine is 
more than 2.0 per cent, a smaller sample, e.g. 50 mg., should be used with 
the standards. 


it can be determined 


a corresponding reduction in the amount of d/-leucine in 


If the methionine content is less than 1.0 per cent, 


within 0.05 per cent by the use of a standard solution containing 1.0 mg. 


of methionine per ml., the standards being prepared at increments of 0.1 mg. 
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To illustrate the results that can be obtained, we list (Table I) the values 
obtained by two chemists on three unknowns prepared from synthetic 


d le ucine and dl-methionine. 
Selectivity—The reagent reacts with halides and, therefore, we converted 


the hydrochlorides of arginine, histidine, and lysine to the sulfates before 


determining whether or not these amino acids produce any color with 
the reagent 

The following amino acids were found to give no reaction with the 
reagent: alanine, arginine (sulfate), aspartic acid, cystine, glutamic acid, 
glycine, histidine (sulfate), hydroxyproline, isoleucine, leucine, lysine 
sulfate), norleucine, phenylalanine, proline, serine, threonine, valine. 
Tryptophane gives a bright yellow color with a slight fluorescence ; tyrosine, 
a vellow color of lesser intensity and different shade from that given by 
methionine. Satisfactory tests are available for the detection of both 
tryptophane and tyrosine, and their presence or absence in a sample of 
leucine to be tested for methionine can be determined. In the purifica- 


tion of /-leucine, tryptophane and tyrosine do not present the same diffi- 


culty as methionine The two amino acids containing iodine, diiodo- 
tyrosine and thyroxine, decompose when treated with the reagent, but 


these are not likely contaminants of /-leucine because of their limited 
occurrence. 
SUMMARY 
\lethionine gives a yellow color with a saturated solution of anhydrous 
cupric sulfate in concentrated sulfuric acid. This color reaction can be 
ised for the detection and estimation of methionine in /-leucine. 0.1 mg. 
f methionine can be detected in a volume of 1.0 ml. of the reagent, corre- 


sponding to 0.1 per cent methionine on the basis of a sample of 100 mg. 








THE PREPARATION AND COMPARATIVE PHYSIOLOGICAL 
ACTIVITIES OF BEEF, HOG, AND SHEEP ADRENAL 
CORTEX EXTRACTS 
By MARVIN H. KUIZENGA, ARNE N. WICK, DWIGHT J. INGLE, 
JOHN W. NELSON, ann GEORGE F. CARTLAND 


(From the Research Laboratories, The Upjohn Company, Kalamazoo) 
(Received for publication, December 21, 1942) 


Our knowledge of the chemical and physiological properties of com- 
pounds occurring in the adrenal cortex is based on investigations con- 
ducted almost exclusively with extracts and isolation products of beef 
adrenals. More than twenty-five pure steroids have been isolated but 
only a relatively few have been found to be biologically active. The 
amounts and proportions of active steroids present in the adrenals of 
different species have not been thoroughly determined. We are at present 
engaged in the fractionation of adrenal cortex extracts prepared from beef, 
hog, and sheep glands. This report is concerned with the preparation of 
extracts from each of these species and with a comparative study of their 
biological activities. 

The preparations were assayed in adre nalectomized rats by the follow- 
ing two methods: (a) The survival-growth test, as previously reported 
from this laboratory (1), is a useful method for determining the complete 
cortical hormone activity of the whole extracts. All of the known steroids 
which have the property of replacing, at least in part, the functional activity 
of the adrenal cortex have been found active by this test. (b) The work 
performance test in adrenalectomized rats is believed to be specific for the 
ll-oxygenated sterols which affect carbohydrate metabolism. The previ- 
ously described method (2, 3) has been modified for the purpose of quanti- 
tative assay. A detailed description of the apparatus and procedures 
will be published in a separate paper. 1 unit of activity is defined as the 


work equivalent of 0.2 mg. of 17-hydroxy-11-dehydrocorticosterone. 


EXPERIMENTAL 


The hog, beef, and sheep glands were collected and frozen at the packing 
house and shipped to the laboratory packed in dry ice. In each case the 
glands were finely ground while frozen and transferred immediately to 
acetone and processt d as pre viously described for beef adrenal glands (4). 
For the beef and sheep glands, this procedure, which consists of acetone 
extraction for 5 days, filtration from gland residue, evaporation of acetone, 
extraction of the aqueous solution with petroleum ether of boiling point 
60-70°, followed by extraction with ethylene dichloride, yields an extract 
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containing between 35 and 45 gm. of solids LOOO po ind 


per 
processed. 
| 


ure, ¢ 


In the attempt to work up hog adrenals by this proces 


diffieulty was encountered because of the exceedingly 


Before concentration of the acetone extract, it was nece ssary to 


sufficient water to make a 50 per cent acetone solution 


fraction separated from this aqueous acetone which was s 





of gland 


onside rable 


high content of fat. 


dilute with 


\ liquid fat 


by 


parated 


decantation. This fat was reextracted with 40 per cent acetone and the 
combined aqueous acetone solutions were concentrated 7 ( to remove 
acetone The aqueous solution was then extracted with petroleum ether, 
followed by extraction with ethylene dichloride to obtain the active frac- 
tion. The ethylene dichloride-soluble material was transferred to 95 pel 
cent alcohol and more fat and cholesterol were removed by extraction of 
aqueous alcohol solutions with petroleum ether, which cit rst trom 


70 per cent ethyl! alcohol then from 50 per cent methyl alcohol 


and f{ nally 


from 30 per cent methyl alcohol In the case o he beef extrac the 
distribution between 30 per cent methanol and petroleum ether resulted in 
all the material remaining in the 30 per cent methanol laver he hog and 
sheep extracts however, were not completely Iree Of tat unt bution 
was carried out between 30 per cent methanol and pet oleum ether The 
dilute methanol solutions free of petroleum ether-soluble material wer 
concentrated to remove alcohol and the cloudy aqueous solutions were 
extracted with ethyl acetate Acidic and basic substances were removed 
by washing the ethyl acetate solution with sodium carbonate followed by 
0.5 x HCl and distilled water as earlier described (5 
Results 
The entire fat fraction from hog gland amounted to about 175 pounds 


per 1000 pounds of gland, whereas the beef and sheep fat fractic 
only 20 pounds pe r LOO pounds OT gland processed 
chloride extract of hog gland also contained 10 times as m 


tives as either the sheep or beef extract 


The results of the fractionation with particulai relerence to t 
of solids at the various steps, beginning with the ethyl 
solution, are summarized in Table | 

In Table II the comparative biological activities of the d 
tions by the two assay methods are recorded. In order to pres 
the recov ry ol activity after removal of acidic and basic mate 
of the 30 per cent methanol solutions are also given. The 
activity is given in units by the muscle contraction test of Ingle 
1 unit is equivalent to 0.2 mg. of 17 hydroxy-11 dehydrocorti 


and in units by the survival test, in which the 


unit, as previ 


ms wel 


ghed 
I \ l ne di- 


ne amount 


] ] 
worilde 


lal, ASSayVs 
hiol 


, in which 


ogical 


ceosterone, 
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(1), is the minimum amount of hormone necessary to maintain 80 per cent 
of adrenalectomized 4 week-old rats for an injection period of 20 days and 
produce an average growth per rat of at least 20 gm. over this period. All 
assay samples were made up in sesame oil and the volume of oil injected 
was between 0.1 and 0.2 ec. per day in the survival test and 1.0 cc. in the 
muscle contraction test. 

As can be seen from Table II, the biological activity of the hog extract 
was considerably higher than that of the beef or sheep extracts. By the 
survival test in adrenalectomized rats the hog extract was 50 per cent more 
active than the beef extract and 100 per cent more active than the sheep 
extract. By the muscle contraction test it was found 64 per cent more 
potent than the beef and 89 per cent more potent than the sheep extracts. 
Vars, Taylor, and Pfiffner (6), comparing the yields of “cortical hormone”’ 
from 5 pound quantities of gland by the dog assay method (7), reported 
that both hog and sheep extracts were about 40 per cent more active than 


TABLE | 
Comp n of Extracts from 900 Kilos of Beef, Hog, and Sheep Adrenal Glands 
Fra Beef Hog Sheep 
gm gm mt 
thvlene dichloride 70 900 75 
70% ethanol 34 212 50 
50% methanol 25 49 4] 
309, . 39 31 
‘ ( 18.73 25.88 14.82 


beef extracts. Our results by the two different assay methods substantially 
confirm the findings of Vars et al. with respect to the hog extract, but not 
with respect to the sheep extract; the latter was found by us to be some- 
what less active than the beef extract. 

Complete recovery of activity, after removal of acidic and basic material, 
was found by both assay methods. There was indeed a slight increase by 
the muscle contraction test, which was greater for the sheep extract than 
for the hog. We attributed this increase, if significant at all, to the 
removal of toxic constituents. 

The results by the muscle contraction test indicate that the high activity 
of the hog extract is due to its high content of those adrenal steroids which 
bear an oxygen atom at carbon atom 11, and which are active in carbo- 
hydrate metabolism. The increased activity of the hog extracts by the 
growth-survival test may therefore also be due to the higher concentration 


of these compounds. 
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SUMMARY 

Beef and sheep adrenal cortex extracts were prepared by the standard 
procedure previously reported (4). Because of the high content of fat 
in hog adrenal glands, this procedure was modified slightly for processing 
these glands. A comparison of the biological activities of these extracts 
was made by both the rat survival test and by the Ingle muscle contraction 
test. It was found that the hog adrenal extract was considerably more 
active by both tests than either beef or sheep adrenal extracts, and it was 
concluded that this higher activity may be due to increased amounts of 


1l-oxygenated sterols in the hog extract. 
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THE ACONITE ALKALOIDS 
XI. THE ACTION OF METHYL ALCOHOLIC SODIUM HYDROXIDE ON 
ATISINE. ISOATISINE AND DIHYDROATISINE 
By WALTER A. JACOBS ann LYMAN C,. CRAIG 
From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


teceived for publication, December 28, 1942) 


We have recently described’ the production from the alkaloid atisine 
of a possible dihydroatisine under the influence of saturated methyl 
alcoholic NaOH solution at 100°. Because of the unusual nature of the 
apparent disproportionation of hydrogen which could lead to such a result, 
we have studied the subject further. The more recent results appear to 
have confirmed our original observations and conclusions, and to have 
demonstrated the production of dihydroatisine in a yield of at least 75 per 
cent when atisine is heated for 90 hours with the above reagent. The analy- 
sis of the hydrochloride prepared from this supported the formulation 
CoHss02.N-HCl. As additional substantiation, we have again found that 
the base, as well as its hydrochloride, absorbs only 1 mole of He to produce 
a mixture of isomers from which the tetrahydroatisine melting at 172 
173° could be fractionated. This substance agreed in all properties with 
the tetrahydroatisine obtained from atisine itself by the absorption of 2 
moles of H. 

If, however, atisine is subjected to gentler treatment with alkali, it has 
now been found that its transformation can be intercepted at the stage 
of a beautifully crystalline zsoatistne, Co2H3;02N, which melts at 150 


151° (als = —16.5° (« = 1.15 in toluene)). This conversion is almost 
quantitative. Jsoatistne hydrochloride ([a]?° = —4° (c = 0.98 in H2Q)) 
melts with decomposition at 295-299°. Isoatisine, either as the base or 


hydrochloride, absorbs 2 moles of H, on hydrogenation to form a mixture 


from which the above tetrahydroatisine can be obtained. 


EXPERIMENTAL 


Dihydroatisine—1.2 gm. of atisine hydrochloride were sealed in a tube 
with 22 ce. of methanol saturated by heating with NaOH. The mixture 
which congealed at room temperature to a pap of sodium methylate was 
heated at 100° for 90 hours. The diluted mixture was extracted with 
ether, and this after drying and concentration yielded 0.62 gm. of crystal- 
line base which softened and gradually melted at 144-149°. The mother 
liquor yielded 0.2 gm. of a second crop of crystals or in all 75 per cent of 


t Jacobs, W. A., and Craig, L. C., J. Biol. Chem., 143, 589 (1942). 
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the theory The first crop was dissolved in 6 ec. of 95 per cent alcohol, 


gently warmed, and treated with 4 ec. of water. Onseeding,a mass of small 


glistening prisms and rhombs separated which gradually 


_ 


softened to a 
paste above 142° but was not completely melted until 149-151 


14 ‘ = 1.05 in toluene 


CooH gsOoN Caleulated. C 76.46. H 10.22: f "6 54. Hy 


The hydrochloride was prepared from the base by solution in 95 per cent 
alcohol containing an excess of HC] On addition ot ether, if ervstallized 
readily as needles which melted with decomposition at 259° (uncorrected 


after preliminary sintering 


i 


We have previousl recorded the behavior f diby 
base and the hydrochloride on hydrog on rhis ey 


firmed with the above dihvdroatisine 


0.2 gm. of this material, when hydrogenated in methanol 


th 50 mg 
of platinum oxide catalyst, absorbed 12 cc. (or al 


j about | mole in excess ol 
the catalyst On recrvystallization from methanol, 28 mg. of needles were 
obtained which melted at 172-173 uncorrected 

~ 10 1 re 
( H..O.N ( cul 1 C 76.02. H 10.74 (75.94. H 10.65 


Tetrahydroatisine obtained from atisine hydrochloride itself by the 


absorption of 2 moles ol H. melted at 172-173 and PAve Yin 1] Cc 
0.91 in pyridine 
Tsoatisine—5 gm. of atisine hydrochloride were dissolved in a solution 


ot 7.5 gm. ol NaQH in 125 ce. of methanol \fter 11 davs, the colorless 


solution was diluted and extracted with chloroform Che latter vielded 


a residue which readily ervstallized from dilute 


alcohol as small, glistening, 


four-sided, or rhombic prisms, which melted at 150-151° after 


after preliminary 
softening The Vik ld WAS ob pel cent ol the theory 
16.5 1.15. 
Coolls.-OoN ( C 76.91. H 9.69, N 4.08 
} | 76 85 ) 43 1 09 


The hvdrochloride s parated 


rom alcohol-ether as minute, lustrous, 
six-sided platelets, which gradually melted with decomposition at 295 


299° after preliminary sintering 


( H..OoN-HC] ( ilated. C 69.52. H 9.02: found. ¢ 


19. H &§.86 
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An almost quantitative conversion of atisine into isoatisine was accom- 
plished by refluxing for 3} hours 1 gm. of the hydrochloride in a solution 
of 3 gm. of NaOH in 40 ce. of methanol. 

On hydrogenation, isoatisine, both as the base or as the hydrochloride, 
was found to yield a mixture of tetrahydroatisines as follows: 

().2 gm. of isoatisine absorbed 2 moles of Hy, on hydrogenation in methanol 
solution with platinum oxide catalyst. The resulting mixture on frac- 


*) 


tionation vielded 43 mg. of tetrahydroatisine, which melted at 172-174 
Cx»H;70.N. Calculated, C 76.02, H 10.74; found, C 76.04, H 10.57 


0.3 gm. of isoatisine hydrochloride absorbed 2 moles of Hz in methanol 
solution with platinum oxide catalyst. After recrystallization of the free 
base isolated from the reaction mixture, 52 mg. of tetrahydroatisine re- 
sulted, which melted at 172—175°. 

als 10° (c = 1.01 in pyridine) 
Found. C 76.05, H 10.65; C 76.14, H 10.85 

On further treatment with methyl alcoholic alkali as in the case of 
atisine itself, isoatisine was, as expected, converted into the above di- 
hydroatisine. 

The microanalytical determinations, as in the past, have been made by 
Mr. D. Rigakos of this laboratory. 

















THE ACONITE ALKALOIDS 
XII. BENZOYL HETERATISINE, A NEW ALKALOID FROM ACONITUM 
HETEROPHYLLUM 
By WALTER A. JACOBS ann LYMAN C. CRAIG 
From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


Received ior publication, December 23, 1942) 


In a former paper (1) on the procedure employed for the isolation of the 
alkaloid atisine from atis root, it was mentioned that the dilute H.SO, 
solution of the crude alkaloids was neutralized with NaeCO; solution, 
and a preliminary extraction with benzene was then made before the 
addition of an excess of NaOH solution and final extraction of the atisine 
fraction itself. A more recent examination of this NagCQOy; fraction has 
demonstrated the presence in it of a new alkaloid, benzoyl heteratisine, 
CogHs70gN. For purification, this benzene solution, which had accumu- 
lated from the extraction of a large amount of plant material, was ex- 
haustively extracted with 2 per cent H.SO,. The latter was neutralized 
with excess N aol Os solution and again extract d with benzene. This 
extract yielded on concentration a syrup which gradually crystallized on 
standing. After digestion with a small volume of benzene, the crystals 
were collected with this solvent. 200 pounds of the crude drug yielded 
more than 6 gm. of the new alkaloid. 

The latter crystallized from benzene as prisms, which melted at 213 


214° after preliminary softening 


a +73” (¢ 1.0 in 95% ethanol 
CooH3705N. Calculated. C 70.26, H 7.53, N 2.83 
Found ee 7. ~~ See 


The hydrochloride separated from methanol-ether as needles, which 
gradually melted with decomposition at 218-221° after preliminary darken- 
ing and softening 


CooHs7O.N-HC] Caleulated C 65.44. H 7.20. Cl 6.67 


Found. *¢ 6S 54 = . - 2 ae 


From the derived formulation and the behavior toward alkali, the new 
alkaloid was shown to be the benzoyl derivative of the alkaloid, 
heteratisine, recently isolated by us (2) from the mother liquors of atisine. 

For saponification, 0.12 gm. was gently warmed in a mixture of 5 cece. 
of methanol and 0.5 ec. of 25 per cent NaOH. The odor of benzoic ester 
at once became apparent. After concentration to remove most of the 
solvent and dilution, the clear solution was acidified to Congo red with 
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HCl to relactonize the saponified heteratisine. After standing, the solu- 
tion was treated in the cold with excess alkali, and quickly extracted with 
chloroform. ‘The latter yielded a residue which crystallized from alcohol 
in characteristic trape zoidal and rhombic prisms These melted with 
slow effervescence at 265—267°, and proved to be heteratisin« 


al; 10 = 1.05 in methanol 


CH ,0;N. Calculated, C 67.47, H 8.50; f 


i.4 found. C 67.75. H 8.56 


The above aqueous alkaline fraction of the Saponinecation mixture, 
after acidification and extraction, vielded benzoic acid (m.p. 122-123 
It is possible that heteratisine does not occur as 


het ‘opl yll 


such in Aconitum 
um but is an artifact produced from the benzoyl derivative 
during the isolation process 

The microanalys Ss were made by \[r. 1) Rig 
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THE PREPARATION OF CONCENTRATES OF SPECIFIC SUB- 
STANCES FROM URINE AND FECES IN LEUCEMIA 


By D. L. TURNER anp F. R. MILLER 
(From the Charlotte Drake Cardeza Foundation, Jefferson Medical College, Philadelphia) 


Received for publication, December 29, 1942) 


Miller, Wearn, and Heinle (1, 2) found that the injection of certain frac- 
tions from the urine of patients with myeloid and lymphoid leucemia pro- 
duced characteristic changes in the organs of guinea pigs. These changes 
resembled the histological findings in human leucemia and were specifically 
myeloid or lymphoid, corresponding to the disease in the patients from 
whom the urine was obtained. Fractions from the urine of patients with 
other diseases or similar fractions from normal urine did not produce these 
specific histological pictures. The urine fractions were originally prepared 
by acid hydrolysis followed by adsorption on kaolin. Later (3), they were 
made by acid hydrolysis followed by chloroform extraction. Experiments 
of Miller, Hause, and Jones (4) showed that the active material of myeloid 
urine accumulated solely in the fraction containing the acids and phenols, 
and that it was soluble in ether, and petroleum ether. 

The present paper reports the further concentration of the active ma- 
terial from the urine of patients with myeloid and lymphoid leucemia. 
The biological reaction from the more concentrated material is much more 
pronounced and specific than any which was obtained from cruder fractions. 
Since the biological test is not quantitative, a qualitative scheme is used to 
compare tractions., Those fractions which produce specific myeloid or 
lymphoid proliferation in the organs of guinea pigs are designated as posi- 
tive (+), and those fractions which do not produce such a proliferation are 
described as negative . By a repetition of plus signs, the intensity of 
the response is roughly designated. The most important feature of the 
biological reaction for the chemical work is its myeloid or lymphoid speci- 
neity. 

The se parations shown in the flow sheet have been applied to the urine of 
patients with myeloid, lymphoid, and monocytic leucemia, and also to the 
urine of patients with the leucemia-like diseases, lymphosarcoma, and 
Hodgkin’s disease. Separation methods involving prolonged treatment at 
relatively high temperature, such as steam distillation, have been avoided. 
The active substance from urine in myeloid leucemia is not volatile in steam, 
but although inert material can be removed by this method there is loss in 
activity. The number of guinea pigs used for testing each chemical fraction 
was always two or more. As many as thirteen guinea pigs were used for 
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some fractions. When a response of (+) myeloid or (+) lymphoid is 
mentioned in the experimental section of this paper, it indicates a positive 
result in all animals used for the fraction in question The dosage was ad- 
justed to permit a comparison of the two fractions produced by each pro- 
cedure in the separation. Thus, when two fractions were obtained with 10 
times as much material in the one as in the other, these proportions were 
maintained in the dosage for the two parts In some cases the relative 


dose of the negative fraction was increased; this has been noted in the ex- 


perimental section of this pape 
\ method for the separation of mixtures containing both the lvmphoid- 
and the mveloid-stimulating mat rial has been developed Small amounts 


iting facto! have been show Oo occul vith lara 


of lymphoid-stimul: 
amounts of the myeloid-stimulating factor in urine in myeloid leucemia 
Similarly, small amounts of the myeloid-stimulating substance have been 
found together with large amounts of the lymphoid-stimulating material 
in urine in lymphoid leucemia 

The chemical separation method was applied to extracts of the urine of 
patients with monocytic leucemia, and Hodgkin’s disease; large quantities 
of the two fractions producing pure myeloid and pure lymphoid biological 


responses were obtained from each 


The similarity in chemical properties which permits the same procedures 
to be used in concentrating the stimulating substances of various urines 
suggests strongly that the substances which produce one specific type of 
biological reaction are identical, regardless of their origin, and also that the 


myeloid- and lymphoid stimulating factors are closely related chemically, 


The factor which stimulates | mphoid prolife ration was found in the frace- 


tion containing hydroxy acids. This material was oxidized two meth- 
ods, one of which is specific for the conversion of carbinols to ketones. In 
both cases the product gave a myeloid response in animals. The myeloid- 


stimulating material of the non-carbinol fraction from various sources was 


reduced by methods adapted to the conversion ol 
The carbinols and non-carbinols were s parate d again; tl iormer gave a 
lymphoid response, while the latter were completely negative seems 
evident from this work that the two stimulating factors for myeloid and 
lymphoid proliferation are acids of similar structure, differing only in the 
presence of a carbonyl group in the myeloid factor at the position where a 
hydroxy] group occurs in the lymphoid factor. Nevertheless, although it is 
possible to separate the lymphoid-stimulating material from impurities by 
virtue of its hydroxyl group, in the case of the myeloid-stimulating sub- 
stance the Girard ketone separation was Incon plete This is not extraor- 
dinary (5, 6 


By using a method of separation similar to that employed with urine it 
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has also been possible to demonstrate the occurrence of myeloid-stimulating 


material in the feces of patients with myeloid leucemia. 


EXPERIMENTAL 
(‘oncentration of Urine ain C} ronic My loid Le ucemia The urine was eol- 
lected from patients of both sexes with typical chronic myeloid leucemia and 


preserved with chloroform. It was processed in 4 liter portions. After 


! 
Scheme for Concentration of Urine in Leucemia 


1. Chloroform extract of hydrolyzed urine 
Partition, ether—2 n sodium hydroxide 


Ether | solutior discard 2. Alkaline solution; treat with carbon 
dioxide and extract with ether 


Ether solution (discard 3. Aqueous layer; acidify with 4 Nn hydro- 
chlorie acid and extract with ether 


Aqueous solution (diseard 4. Ethereal solution; evaporate and extract 
with petroleum ether 


Residue (discard 5. Petroleum ether solution; evaporate, ppt. 
lead salts, filter 


Aqueous filtrate (discard) 6. Lead salts of acids; extract with ether 


salts (dis 7. Insoluble lead salts; regenerate acids, dis 
solve in acetone, and crystallize at —20 


Crystalline part (discard 8. Material from mother liquor; esterify, and 
apply succinate separation 

. ( s lymphoid 10. Non-carbinols (contain myeloid activity) 

being adjusted to pH | to 2 with hydrochloric acid the acidified urine was 

rapidly heated to boiling and boiled for 5 to 10 minutes. It was then 


extracted with chloroform. The residue remaining after evaporation of the 
chloroform from a 360 liter portion of urine was dissolved in 1 liter of 2 N 
sodium hydroxide solution and extracted with ether. The neutral ma- 
t 


emaining after evaporation of the ether gave a (—) biological re- 


sponse and was discarded. The alkaline solution was saturated with 


carbon dioxide and extracted with ether. Evaporation of the ether gave a 
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phenolic fraction which was discarded The aqueous layer was 
acidified with 4 nN hydrochloric acid and extracted with ether. The ether 
was evaporated and the (+) myeloid residue (weight 115 gm.) was ex- 
haustively extracted with petroleum ether (b.p. 30—-60°) leaving a 


residue i vaporation of the petroleum ether rave nearly phenol-free 


acids with a (+++) myeloid response The acid material was taken up in 
2 liters of petrol um ether and extracted six times with 100 ce portions of 
90 per cent (by volume) methanol The material soluble in methanol 
weighed 29 gm It was almost biologically and consisted mostly of 


benzoic acid identified by its melting point and melting point of mixtures 


with an authentic sample The residue from the evaporation of the 
petroleum ether (A) weighed 21 gm. and gave a (+++) myeloid response. 


] 


This was dissolved in 15 ec. of ethanol, neutralized with 40 per cent po- 


tassium hydroxide solution, and the lead salts were precipitated with a hot 


saturated solution of lead acetate The mixture was cooled to 0° and fil- 
tered The filtrate was treated with hydrochloric acid and extracted with 
ether The residue, after the evaporation ol the ether, gave a slight mye- 
loid response Che lead salts were dried and extracted with ether in a 
Soxhlet apparatus The regenerated acids from the ether soluble lead 
salts were while the regenerated acids from the ether-insoluble salts 
were (+++) myelo! land Ve ighed 13 gm This material was dissolved in 
t times its weight of acetone and crystallized at 20° (7 

The ervstalline acids (we ight 2 gm were biologi ally and « onsisted 


of a mixture of acids, m.p. 56°, giving no depression in melting point with 


either palmitic « r stearic acids 

Analysis—l nd, C 75.4, H 12.6; neutralization equivalent 268 
This material was evidently a mixture of palmitic and stearic acids and no 
attempt was made to separate it 


The mother liquor (B) from this material did not give any precipitate 
with digitonin. It was biologically (+++) mvelor [t was esterified 
with diazomethane vhir h brought al out an appre lable loss ol biological 
activity \ 7 gm. portion of the methyl ester was dissolved in 50 ee. of 
pyridine and heated on the steam bath for 3 hours after 12 gm. of succinic 
anhydride were added The mixture was separate d into earbinols (C and 
non-carbinols (D) in the usual manner (8 

The earbinol succinates (about 80 mg.) gave a (+) lymphoid reaction in 
animals. The non-carbinol fraction in less than a proportionate dose gave 
a (+++) mveloid reaction 

\ 10 gm. portion of (B) was treated twice with Girard’s Reagent T and 
once with Girard’s Reagent P, the procedure being that described by 
Girard and Sandulesco (6 The combined ketonic fraction about S00 


mg.) gave a ae | mveloid reaction in animals. Another sample of ma- 
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terial corresponding to (B) was separated into ketonic and non-ketonic frac- 
tions by the method of Anchel and Schoenheimer (9), with the reagent of 


Borek and Clarke (10 The ketonie fraction was biologically (+) 
mveloid. The non-ketonic fractions from these separations were biologi- 


eally be alee mveloid 

\ sample of the free acids corresponding to (A) (6.0 gm.) was dissolved in 
50 ec. of petroleum ether and adsorbed on a column 34 em. long of 30 gm. of 
activated alumina (100 mesh, Aluminum Ore Company) mixed with 10 
gm. of Hyflo Super-Cel. It was developed with petroleum ether until the 
mat rial occuple d the whole column. The column Was arbitrarily div ided 
into five fractions and these were eluted with a 50 per cent solution of acetic 
acid in ethanol \laterial, weighing 4.7 gm., from the bottom of the 
column was biologically active. The residual material which accumulated 
in the top 10 em. of the column was biologically inactive even with 10 
times the proportionate dose, 


(‘oncentratio oft l rine in Cl) onic Lymphoid Li icemia This paralleled 


the myeloid separation. A 170 liter portion of urine gave 55 gm. of acids 
soluble in petroleum ether. The activity of the fractions corresponded to 


that found with the mveloid extracts except that the active concentrates 
were specifically ly mphoid in activity instead of myeloid. The petroleum 
ether-soluble material was subjected to the lead salt separation and here 


ilso it WAS possible to remove the biologically inactive ether-soluble lead 


salts. Decomposition of the insoluble lead salts gave 27 gm. of free acids 
with a (+++) lymphoid activity. The low temperature crystallization 


process removed inactive palmitic and stearic acids. The material from the 


mother liquor weighed 21 gm. and gave a (+++) lymphoid reaction in 


\ 10 gm. portion was esterified with diazomethane. This caused some 
loss in biological activity. The esters were separated by the half succinate 
method into earbinol suecinates and non-carbinols. ‘The non-carbinols 


gave a (+) mveloid reaction, while the carbinol succinates (360 mg.) gave 
7 lymphoid reaction even in considerably less than a proportionate 
dose Hvdrolvsis of the half suecinate esters by boiling in alcoholic potas- 
slum hy droxid rave the Iree acids: these were separated trom succinic acid 
by taking advantage of the insolubility of the latter in chloroform. The 
product rave a o> age ag I) mph rid reaction. It was esterified with diazo- 
methane and the esters were sublimed in a high vacuum; material sub- 
liming up to 100° (170 mg.) was only slightly active. The activity 
remained in the 130 mg. of residual oil. 

Material corresponding to (C) from the urine of patients with acute 
lymphoid leucemia gave a (+-++) lymphoid reaction, while that corre- 
spon ling to (ID) from this urine was inactive. 


Material corresponding to (B) from the urine of five patients with lymph- 








-— 


vid SPECIFIC CONCENTRATES IN LEUCEMIA 
Osarcoma, Pprocesst d indi dually ,gave a (++) ly mphoid response 1n every 


Cor $10) of / yeloid Substance to Lun phoid Vat al a Non-carbinols 


1)) (4.0 gm.) from mveloid urine were hydrogenated in ether with Adams’ 


catalyst (0.4 and hvdrogen at 3 atmosphere S pressure Phe hydrogen 


absorption ceased after | hour. The product was separated into carbinol 
half sueccinates and non-carbinols The former Fave a he alee ly my} hoid 
reaction, while the latter were inactive even with more than 10-fold increase 
of the proportionate dosage »b) Material corresponding to (A) was re- 
duced with sodium in ethanol. The product gave a (++) lymphoid re- 
action 

Conversion of Lymph Vaterial to Myeloid—(a) Lymphoid acids (2 


gm.) were neutralized with 4 N potassium hvdroxide and sufficient 2 per cent 


potassium permanganat solution was added to the mixture at room tem- 


perature to produce a permanent pink color. ‘The solution was decolor- 
ized by the addition of sodium bisulfite solution, acidified, and extracted 
with ether \laterial from the ethereal solution gave a (+++) mveloid 
reaction in animals bh) Lymphoid acids (7.4 gm were dissolved in 200 
ec. of dry benzene and 60 cc. of drv acetone and refluxed for 7 hours with 
12 gm. of aluminum fert-butylate. The product was processed in the usual 
manner (1] It gave a (+) mveloid reaction in animals Che ketones 
were separated trom this material with Girard’s Reagent T They gave a 
(+-) mveloid reaction 

Biological Effect of Additional Reactions—Treatment of myeloid material 


] ] 
; 


with phenyl isoevanate, benzov! chloride, diethyl sulfate, or diazomethane 


produced only a slight loss in biological activity, if any Oxidation with 
chromic acid at room temperature in acetic acid produced a partial inactiva- 
tion rreatment with bromine in acetic acid at room temperature and 


hydrogenation in acetic acid with Adams’ catalvst effected total inactiva- 
tion. Oxidation of lymphoid material with chromic acid in acetic acid at 
room temperature changed it to mveloid material with much los In activity. 

sepa atior of 1 ctone Vate al fre m re n Mor ytic Leucemia and 
Hodgkin’s Disease—The method was the same as that employed for the 


myeloid urine. Material corresponding to (A) from both urines gave a 
peculiar reaction in animals which will be described elsewhere. This re- 
sembled the picture produced in animals by injecting both myeloid and 
lymphoid material together. Material corresponding to (C) from both 
urines gave a specific (+ ++) lymphoid response, while that corresponding 
to (D) gave aspecific (+) mveloid response Che mixture corresponding to 


D) from urine in Hodgkin’s disease was catalvtically hvdrogenated as 
described above The product was separated into carbinols and non- 


carbinols. Administration of proportionate doses of the two fractions to 
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guinea pigs gave a (+) lymphoid response from the carbinol fraction and a 

—) response from the non-carbinols. This experiment was repeated with 
similar material from the urine of monocytic leucemia and the carbinol frac- 
tion from the hydrogenation gave a (++) lymphoid response, while the 
non-carbinols were again (—). 

Active Material from Feces in Leucemia—The feces of a male patient with 
my¢ loid leucemia were ground with sodium sulfate, acidified with hydro- 
chloric acid, and extracted with methanol. The extract was hydrolyzed 
with alcoholic potassium hydroxide (200 gm. of potassium hydroxide in 4 
liters of methanol) by boiling for 2 hours. After dilution with water, the 
neutral fraction was removed with ether. The alkaline layer was acidified 
and extracted with petroleum ether. From this point the separation fol- 
lowed that deseribed for the myeloid urine. From the feces excreted in 1 
week 12 gm. of crude material corresponding to (B) were obtained which 
gave a (+c mveloid reaction in animals. 


SUMMARY 


Concentrates of biologically active material from urine and feces of pa- 
tients with leucemia are described. Urines of various diseases of the 
leucemia group give two active materials which produce specific myeloid or 
lymphoid hyperplasia in animals. Chemical methods of converting each 
material to the other are described. 

The biological significance of this work will be discussed elsewhere. We 
wish to thank Dr. H. W. Jones and Dr. L. A. Erf of this laboratory for 


valuable assistance 
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The discovery and partial purification of a new phospholipid from nerve 
tissue which contained inositol has been described recently by Folch and 
Woolley (1, 2). In order to facilitate the isolation of this new substance 
in pure form, a more concentrated source than nerve tissue was sought. 
Klenk and Sakai (3) isolated inositol from hydrolysates of crude soy bean 
phosphatides and hence this material was examined. Since it contained a 
higher percentage of inositol than crude brain phosphatides, it was used as 
starting product for the isolation of the new lipid in the hope that the 
phospholipid from this plant source would be the same as that in nerve 
tissue. 

Folch’s (2) method of obtaining an inositol-containing fraction from 
brain cephalin by precipitation from chloroform with alcohol was applied 
to soy bean phosphatides. Purification was achieved by several fractional 
precipitations with methanol and ethanol, followed by extraction with 
ether. This method \ ielded a product containing 16 per cent inositol, 
The inositol content could not be increased by additional fractionation. 
Furthermore, the molecular ratio of inositol, carbohydrate, phosphorus, 
and oleic acid was approximately unity. For these reasons it was believed 
to be essentially pure. 

[t is proposed to call the new substance soy bean lipositol, since it is a 
lipid which contains inositol. For reasons given below, it is concluded 
that it is very similar to the phospholipid of brain and spinal cord. 

The products of complete acid hydrolysis of soy bean lipositol were 
identified as inositol, phosphoric acid, oleic acid, saturated fatty acids, 
a black, humin-like material, traces of ethanolamine and tartaric acid, and 
a substance which yielded ethanolamine on hydrolysis with alkali. The 
saturated fatty acids were composed of 5 per cent cerebronic acid and 95 
per cent of a mixture of approximately 70 per cent palmitic acid and 30 
per cent stearic acid 

* With the technical assistance of A. G. C. White. 


1 
* Since tne satul 


ited fatty acid component was a mixture, the lipositol must have 
been a mixture of three homologues. Therefore, ‘‘pure’’ lipositol denotes a product 
free of other phosphatides, and not one single compound 
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Less compl te acid hydroly sis resulted in the formation of inositol mono- 
phosphate. This confirme d the obser\ ation ot Klenk and Sakal 3), and 
led to the assignment of the position of the phosphorus atom in the mole- 
cule During acid hydrolysis, practically all of the inositol was rendered 
water-soluble within the Ist hour, but all of it was not free inositol until 
after further hydrolysis. The fact that yeast responded only to free ino- 
sitol and not to inositol esters (4) facilitated the elucidation of these facts. 
The water-soluble, bound inositol was presumably inositol monophosphate. 
This behavior during acid hydrolysis was found for the lipositol of brain as 
well as for pure soy bean lipositol 


The products of few sis with alkali were fatty acids (presumably the 


same as those liberated by acid), ethanolamine, d-tartaric acid, a non- 
reducing carbohydrate, and phosphoric acid. On mild acid hydrolysis, 
the carbohydrate liberated inositol, tartaric acid, and galactose in the 
molecular ratio o l:] 


I 
I I B I 
, > cm 
Inos 5 6 Ol 93 6 
Ga tos 15.5 P} spl l }& 
Tart cid 8.3 Satu l s a1 .a 
Etl nil 0.44 Pot l 3.4 
The products of hydrolvsis which have been isolated or determined quan- 
titatively account for 102 per cent ol the lipositol (see Table | The 
hy by ni eM E ES lo! 109 per cent ol t he substance. since 
wate added during hydrolysis. It is felt that all constituents of the 
cones have been accounted for 


: , " : , 
Lipositol as isolated from soy beans was the potassium Sait Of a strong 


acid It was not possible to prepare the free acid, for the ash content was 
not altered by dialysis from suspension in HC], or by extraction of lipositol 
with ether from suspension in HC. 

The position of some of the radicals in the molecule was deduced from 
a study of the products of various hydrolyses. The allocation of the phos- 


phate to inositol followed from the isolation of inositol monophosphate. 
Since hydrolysis with alkali yielded a non-reducing carbohydrate which 


liberated reducing sugar on acid hydrolysis, the galactose must be present 
as a galactoside. Either a hydroxy! of inositol or of tartaric acid could 
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be involved in this galactoside linkage. But since hydrolysis with aqueous 
alkali yielded as much tartaric acid as could be obtained by a combination 
of alkali and acid hydrolysis, and since reducing sugar was only set free 
by acid, it was concluded that an inositol galactoside was present in the 
molecule. Ethanolamine was only set free by hydrolysis with alkali. 
Hydrolysis with acid produced a water-soluble nitrogenous substance which 
gave rise to ethanolamine when heated with alkali. Finally, tartaric acid 
was found in appreciable quantities only after hydrolysis with alkali. 
Therefore, it was concluded that ethanolamine tartrate was present in the 
molecule, and that this ester was not readily hydrolyzed under the acid 
conditions used. ‘These observations may offer an explanation for the 
non-ethanolamine amino nitrogen in crude phosphatides described by 
Chargaff et al. (5), since their hydrolyses were performed with acid. In 
lipositol, the other carboxyl of tartaric acid was probably esterified with a 
hydroxy! of inositol or galactose. At least one more hydroxy! of inositol 
in addition to the ones carrying phosphoric acid and galactose) must 
be esterified with fatty acid or tartaric acid and any unsubstituted hy- 
droxyls must not be adjacent. This followed from the fact that lipositol 
was not split rapidly by lead tetraacetate or by periodic acid. These 
reagents react immediately with hydroxyls situated on adjacent carbon 
atoms and cause rupture of the carbon chain. The reaction with these 
reagents was measured by determining the inositol remaining after the 
reaction. A slow but complete destruction did occur in 24 hours in the 
presence of a large excess of the reagents, but since 50 per cent of the 
inositol contained in inositol hexaacetate was destroyed under similar 
conditions, it was felt that the above conclusions were valid. 

From the present data, lipositol may be considered to consist of inositol 
with which phosphoric acid, oleic acid, a saturated fatty acid (chiefly pal- 
mitic acid), and ethanolamine tartrate have been esterified and galactose 
has been combined in glycosidic linkage. One or two, but not more, of the 
carboxylic acids may be esterified with galactose rather than with inositol. 
The percentages of the elements and of most of the products of hydrolysis 
agree reasonably well with such formulation. However, because of lack of 
data concerning relative positions of all constituents, the complete structure 
of lipositol is not known. 

Pure lipositol from brain has not yet been isolated, but the following 
points Ol similarity to so\ bean lipositol were noted. First, the rate of 
liberation by acid of inositol phosphate and of inositol in a preparation of 
cephalin from brain was the same as from soy bean lipositol. Secondly, the 
ratio of inositol to carbohydrate in this same preparation from brain was 
1:1, the same as in lipositol. Finally, tartaric acid was isolated from hy- 


drolysates obtained by the use of alkali. 
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EXPERIMENTAL 


Isolation of Lipositol—The following isolation has been performed four- 





teen times with uniform success. The attention to conditions of drying 
was very important, since perfectly dry lipositol was insoluble in all fat 
solvents tested (ether, chloroform, benzene, petroleum ether), although it 
was readily soluble in the moist solvents. Inositol was determined ac- 
cording to Woolley (6) after hydrolysis for 24 hours, and the degree of purifi- 
cation was deduced from the inositol content of the various fractions 

200 gm. of commercial sov bean phosphatide s° (3 per cent inositol) were 
dissolved in 200 ce. of chloroform and poured into 1 liter of methanol. The 


precipitate which formed was st parate d and dissolved in 200 ec. of chloro- 


form and pour d into 1200 ec. of acetone The pre cipitate was filtered off 
and washed with acetone, and then dissolved in 200 cc. of chloroform. This 
solution was poured into 800 cc. of methanol, and the precipitate was 
reprecipitated in the same fashion. The precipitate was next taken up in | 


150 ec. of chloroform and poured into 300 ec. of absolute ethanol Che 


precipitate vas separated na centriluge and redissolved in 150 ee. of 
chloroform Che solution was poured into 200 ec. of absolute ethanol, and 
the precipitate again collected in a centrifuge, and redissolved in 200 cc. of 
chlorofort Chis solution was added to 800 ec. of methanol, and the pre- 
cipitate is filtered, washed with methanol, and freed of solvent in a moist 
tmosphere [t was then suspended in 200 cc. of chloroform, and, when 
all lumps had disinte grated 100 ec. of absolute ethanol were added. The 
precipitate was removed in a centrifuge, and the supernatant was treated 
with 150 ce. of absolute ethanol. The precipitate which formed was col- 
lected in a cent iwe, dissolved in 200 ec. of chloroform, and the solution 
as poured into 600 cc. of methanol [he precipitate was filtered off, 
washed with methanol, and freed of solvent in a moist atmospher It was 


then suspended in 400 ce. of ether and the suspension was centrifuged until 


perfectly cleat Phe supernatant fluid was finally poured into 4 volumes of 

etl nol the suspension vas filtered. and the precipitate wa \ ashed with 
ai t] nol il ld ( | I cl Vie ld 20 to 30 ga 

pP } ff] p The phosp] lipid was obtained as ne. Creamy 

white powder which, when dry, was quite friable. It darkened only ver 
\\ ) \. Sel ! \ Lecit ( 

hye " t \ The ‘ I esit 

f wate cuated | 

, nal ' e hu ximately 

si) 25 ( hd t 7 iit ww ppre t ning ¢ the 

‘ he i my nad ere ren ed by t ( pre 
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slowly when exposed to air. However, if no precautions were taken to 
prevent oxidation‘ during preparation, the final product was light brown. 
It was insoluble in dry petroleum ether, dry acetic acid, dry benzene, dry 
ether, or dry chloroform, but soluble in any ol these solvents except acetic 
acid when moist. It was insoluble in ethanol, methanol, acetone, and 
dioxane, but formed an emulsion easily with water. Found, C 54.3, H 8.4, 
P 3.1, N 0.98, ash 12.1, K 3.4, inositol 16, carbohydrate 15.5, amino N 0.80. 

Carbohydrate was determined according to Sérensen and Haugaard (7). 
The amino N was determined on hydrogenated. material in order to avoid 
interference and high values due to unsaturated fatty acids. The total N 
vas not changed significantly in the hydrogenated product. a-Amino acid 
N (8) was absent 

Rate of Liberation of Inositol by Acid—20 mg. samples were emulsified 
in 20 ee. of 20 per cent HCl and the emulsions were refluxed for stated times. 
rhe insoluble matter was filtered off and inositol was determined without 


TABLE II 
Rate of Libe tion of Free and Total Inositol during H idroly s of Lipos fol with 20 
Pe) Cent HCl 


Water-soluble 


i 
I Tota 
0.5 5.0 98 
0) * 13.5 
oD 16 16 
24 16 16 
further hydrolysis in an aliquot of the filtrate (free inositol). A second 


ot was refluxed for 24 hours and inositol determined in it. This value 
gave the total wate soluble inositol. Results are given in Table ITI. It 
ean be seen that practically all the inositol was made water-soluble in the 


st hour, but that it was not all free (and available to yeast) until after 


ibout 6 hours 
Pri itions t vol xidation were the use of closed vessels filled almost com 
te I the solutions in order to minimize exposure to all the use of low tem 
| the first precipitation, and rapid manipulation. The easily oxidiz 
es were removed in the early steps and precautions against oxidation 
re relaxed after the precipitations with ethanol \ product without color was ob 
ined readily by application of the procedure to a cold ether extract of fresh soy 
beans, but the yield was not great enough to justify use of fresh soy beans as the 
Ss iw materi 


We wish to thank Dr. J. Folch, of the Hospital of The Rockefeller Institute for 
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Products of Acid Hydrolysis—20 gm. of pure lipositol were suspended in 
100 ec. of 20 per cent HCl and the emulsion was refluxed for 20 hours. The 
mixture was cooled and filtered. 

Fatty Acids—The water-insoluble portion was extracted with acetone 
and filtered The acetone was removed from the solution under reduced 
pressure, the residue was extracted with petroleum ether, and the extract 
filtered and dried under reduced pressure. 9 gm. were obtained 3.4 gm. 
of the product were separated by the | ad soap me thod (9) into 1.6 gm. 


of saturated acids, and 1.8 gm of unsaturated acid. 


Oleic Acid—The unsaturated acid was pure oleic acid, for the following 
reasons The iodine number (Hanus) was 90.2; that for oleic acid is 90.0. 
When the acid was hvdrogenated in acetic acid with Pt catalyst, it vielded 
steal i, m.p.® 68°, mixed m.p. with stearic acid 68 

( )) {cid—The saturated acids were converted to Mg salts and 
separated according to the method of Klenk (10 The hot aleohol- 
insoluble salt was converted to the free acid which melted at 98-100 

( H.. ( 5.0, H 12.5 nd, C 74.6, H 12 
The neut quiv: ent was 378 The acetate prepared | itha etvl chloride 
melted it 56-5 500 meg. of one preparation OI Sat irated acids vielded 
25 me... and |.ogm. ol ar other pre paration from a new san pl ol lipositol 
elded SO me. of cerebronic ar id The saturated acids were therefore 5 


Palmit md ss 1 Che acids regenerated from the soluble Mg 

2 
salts melted at 53° and three recrystallizations from acetone did not alter 
this value While a pure acid was not isolated from this mixture, the fol- 


wing facts indicated that it was a mixture of approximately 70 per cent 


palmitic acid and 30 per cent stearic acid. Found, C 75.4, H 12.5. The 
ratio of C to O was therefore 16.6:2. A mixture of 7 parts of palmitic to 3 


of stearic acid melted at 53°, and admixture of this mixture with the acids 
ting point 

; ; ‘ ] ‘ 4 ° 3 
It was clear that saturated and unsaturated acids were in equimolecular 


o in lipositol, and that there was approximately | molecule of oleic acid 


DEI lecule of inositol pi olecule of saturated acid 

I) } Che water-soluble portion of the hvdrolvsate was concentrated 
nae! red ( pressure to rup nd this residue Was ¢ weted with 100 
ec. of absolute ethanol Che ervstals which formed were filtered off and 
reervstallized from dilute alcohol Yield, 3.0 gm.; m p 218 The crystals 
gave Scherer’s test fo inositol and were fullv active in the highly specific 
test for mesoinositol 

CF fl) Cal C 40.0. H 6.7 C 39.9, H 6.7 
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Inositol Monophosphate—10 gm. of lipositol were suspended in 200 cc. of 
20 per cent HC! and the emulsion was refluxed for 1 hour. The fatty acids 
were filtered off and washed, and the aqueous hydrolysate was concentrated 
under reduced pressure to dryness. The residue was dissolved in 100 ce. of 
water and treated with excess lead acetate solution. The precipitate was 
filtered off, washed, suspended in water, and decomposed with H.S. The 
filtrate from the lead sulfide was concentrated under reduced pressure to 
dryness, and this residue was triturated with 100 ec. of absolute ethanol. 
The amorphous precipitate which formed was filtered off and purified by 
precipitation from concentrated aqueous solution with absolute ethanol. 
It was obtained as 1 gm. of fine, white, slightly hygroscopic powder. 


C,H,,0,P. Calculated, inositol 69; found, inositol 69 


The brucine salt was prepared and recrystallized from dilute acetone as 
fine needles; m.p. 238°, after softening at 218-220°. Inositol monophos- 
phate brucine salt is said to melt at 236° (3). 

The barium salt was precipitated by alcohol from aqueous solution as a 
white amorphous powder which contained 35.4 per cent Ba; theory for 
C;,H,,09P Ba, 34.7. 

An attempt was made to isolate barium glycerophosphate from the alco- 
hol filtrate of inositol monophosphate. 300 mg. of an alcohol-insoluble 
barium salt were obtained whose barium content was that of barium inositol 
monophosphate. 

Attempted Isolation of Ethanolamine—The filtrate from the lead precipi- 
tate obtained in the previous operation was freed of lead with H.S. Analy- 
ses showed that 80 per cent of the nitrogen originally present in the lipositol 
was contained in this solution, and that all of it was primary amino nitrogen. 
The solution was concentrated, dried on CaO, and extracted in a Soxhlet 
apparatus with an ether solution of 3,5-diiodosalicylic acid (11). Only 7 
mg. of ethanolamine 3,5-diiodosalicylate, m.p. 198°, were obtained. Ina 
second experiment, the hydrolysate was prepared from 5 gm. of lipositol, 
according to the directions of Chargaff (11), but only 2 mg. of ethanolamine 
3,5-diiodosalicylate were obtained. In order to establish that there was no 
material present which interfered with the isolation of the ethanolamine 
salt, 100 mg. of ethanolamine were added to 5 gm. of lipositol, and the pro- 
cedure described above was repeated. Ethanolamine 3,5-diiodosalicylate, 
equivalent to 22 mg. of ethanolamine, was isolated. It was therefore con- 
cluded that only traces of ethanolamine were present in acid hydrolysates 
of lipositol. 

After hydrolysis with alkali of an acid hydrolysate of lipositol, ethanola- 
mine was isolated. 5 gm. of lipositol were hydrolyzed with HCl as de- 
scribed above, and the aqueous hydrolysate was concentrated under reduced 
pressure to a sirup. This was neutralized with NaOH and mixed with 20 
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cc. of N NaOH Che solution was refluxed for 4 hours, acidified with HCI, 
and concentrated under reduced pressure to a sirup, which was extracted 
with alcohol he alcohol extract was concentrated, made alkaline, dried 
on plaster of Paris, and extracted in a Soxhlet apparatus with an ether 
solution of 3,5-diuodosalievlie acid for 48 hours 100 mg. of ethanolamine 
3,5-diuodosalievilate, m.p. 198°, were obtained 

iitempted Isolation of Tarta lerd from Acid Hydrolysates—2 gm. ot 
lipositol were hvdrolyvzed with 20 ce. of boiling 2 nN HCl for 4 hours The 
aqueous portion ol the hvdrolvsate was cone ntrated unde reduced pres 


sure, dissolved in 20 ec. of water, and extracted with ether for 90 hours 


Only 28 mg. of solid matter, neutral equivalent 75, were contained in the 
extract. Since large amounts of tartaric acid were present in ether ex- 
tracts of hvdrolysates prepared with alkali (see below), it was concluded 
that the acid hvdrolvysis had not liberated much tartaric acid 

Hy h Alka 10 gm. of lipositol were dissolved in 50 ce. of 
moist ether and poured into 150 ec. of methanol which contained 6 gm. of 


NaQH Phe spension was refluxed for 5 hours, cooled, filtered, and the 
precipitat s washed with methanol 
Ethanola Che methanol-soluble hvdrolysate was acidified with 


concentrated HC] nd the NaCl which formed was filtered off and washed 


lhe filtrate was concentrated under reduced pressure to an oil which was 
heated with 100 ec. of water Che fattv acids were filtered off and washed, 
ind the aqueous phase was extracted twice with ether, and then concen 
trated under reduced pressure to 2 ce Chis solution was dried on CaO and 
extracted 11 Soxhlet apparatus with an ether solution of 1 gm. of 3,5 
diiodosalicy] cid for 48 hours (11 326 mg. of ethanolamine 3,5-diiodo 
salievlate mn. 198 ere obtained 
CHO \ ( N 2 \ 

Che salt was decomposed by suspending it in N HC! and extracting the sus 
pension with ether, and the free base was recovered DY ar ing the aqueous 
phase on CaQ and extracting with ether for 48 hours in a Soxhlet apparatus 
When picric acid was added to the free base, a picrate was formed which 
melted at 154 In the same bath, ethanolamine picrate melted at 154 

155 The mixed melting point was 154 The benzoyl derivative was 


ormed with benzoyl chloride and NaOH, and was found to melt at 76 
Benzovlated ethanolamine in the same bath melted at 76 lhe flavianate 
was prepared and found to melt at 203—204°, while ethanolamine flavianate 
in the same bath melted at 204 


Che ethanolamine isolated did not account for all the nitrogen of liposi 
tol Howe ver, since it yas only possible to recovel ‘A) to 25 pel cent ot 
ethanolamine added to lipositol, it was concluded that more was present 


than was isolated 








| 
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Tartaric Acid—The methanol-insoluble portion of the hydrolysate was 
suspended in 100 cc. of water, acidified with acetic acid, and centrifuged. 
The clear solution was neutralized (pH 6.5) with NaOH and treated with 
excess lead acetate solution. The precipitate which formed was centri- 
fuged out, washed, and decomposed with H.S. The filtrate from the lead 
sulfide was concentrated under reduced pressure to 20 ec. and extracted 
continuously with ether for 90 hours. The extract was concentrated to 
dryness to leave a white crystalline mass which weighed 300 mg. Neutral 
equivalent, 74 

The silver salt was prepared and found to contain 59.5 per cent Ag; the- 
orv for silver tartrate is 59.3 per cent Ag. The calcium salt was prepared 
and found to contain 21.6 per cent Ca; theory for calcium tartrate is 21.3 
percent Ca. In addition, the acid gave those color tests which have been 
described for tartaric acid (12); that is, a blue color with FeSO,, H2Oc, and 
NaOH, and a green color with 8-naphthol. Finally, the brucine salt was 
prepared and recrystallized to constant melting point from dilute acetone. 
It darkened at about 220°, and melted and decomposed at 240°. Brucine 
d-tartrate in the same bath behaved in similar fashion. The tartarie acid 
was not optically pure, for [a], was found to be +9.2° (tartaric acid showed 
+12° under similar conditions), but it is probable that some racemization 
had occurred during hydrolysis with alkali. 

Combined tartaric acid was present in the lead filtrate obtained above. 
It could be freed by heating with either aqueous acid or alkali, and could 
then be precipitated with lead or barium and extracted with ether. In this 
way, a further vield of 330 mg. was isolated. The total yield of tartaric 
iid was therefore 630 mg 6.3 per cent of lipositol). A slightly higher 

ield (8.3 per cent) was obtained by acid hydrolysis of a hydrolysate ob- 
tained with alkali, followed by direct extraction with ether. 

Inositol Galactoside Tartrate (? A lead filtrate obtained (as described 


9 


above) during the isolation of tartaric acid was treated with 2 gm. of lead 


wetate and excess ammonia, and the precipitate which formed was col- 
lected and decomposed with H.S. The filtrate from the lead sulfide was 
concentrated under reduced pressure to an oil which was triturated with 
methanol. The white powder which formed was purified by reprecipita- 
tion from water with methanol. Yield, 1.2 gm. It contained 33 per cent 
inositol (by analysis), 33 per cent carbohydrate (by analysis (7)), 26 per cent 
tartaric acid (by isolation It was acidic (neutral equivalent approxi- 
mately 500) and non-reducing. As much tartarie acid was liberated by 
aqueous alkali as by acid. It was believed to be inositol galactoside tar- 
trate. Since hydrolysis with normal aqueous NaOH yielded tartaric acid 
and a substance which liberated inositol and galactose on acid hydrolysis, 
it was believed that this was a partial hydrolysis product which had escaped 
the action of the alcoholie alkali owing to its low solubility in this solvent. 
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Galactose—The methanol-insoluble hydrolysate of 10 gm. of lipositol, 
obtained after hydrolysis with alkali as described above, was taken up in 
10 ec. of N HeSO, and refluxed for 4 hours. The solution was chilled, ad- 
justed to pH 8 to 9 with cold barium hydroxide, and the pre cipitate was 
removed. The solution was acidified with H.SO,, treated with an excess of 
BaCQ,, filtered, and concentrated under reduced pressure to a sirup. This 
was extracted twice with methanol. Inositol was identified in the alcohol- 
insoluble material by its melting point (218°) and the melting point of its 
acetate (212°). The methanol-soluble material was freed of solvent, taken 
up in water, and used for sugar tests. 

Yeast did not ferment the sugar (1 per cent solution based on total carbo- 
hydrate content), and this failure was not due to inhibition of the yeast, for, 
when glucose was added to the solution, it was fermented as rapidly as was 


TaBLe III 
Destruction of Inositol in 20 Mg. of Lipositol by Lead Tetraacetate and Period 
Acid 
Lea aceta Pe aci I I 
”r rt r 
10 l 44 
LOO 20 S1 
1000 0.25 84 
1000 24 100 
10 l 69 
50 0.25 SO 
pure glucose. Mannose was not present, for no phenylhydrazone could be 


obtained and, when mannose was added to the solution, as much phenylhy- 
drazone was isolated as from a solution of the same quantity of mannose. 

When heated with phenylhydrazine, an osazone was formed which 
melted at 200-202°. Galactose phenylosazone melted at 198-200°. The 
solubility behavior and cry stal habit of the osazone closely resembled those 
of galactose phenylosazone. 

A portion ol the solution which contained 300 meg. of reducing sugar 
(calculated as glucose (13)) was oxidized and separated according to Moore 


and Link (14). The aldonic acid was all found in the insoluble K salt frae- 
tion. This K salt was converted to the benzimidazole according to the 
Moore and Link procedure (14). 356 mg. of product were obtained which, 
after recrystallization, melted at 244°. The picrate of this base melted at 


215°, and at 215-216° when mixed with galactose benzimidazole picrate. 
The benzimidazole of galactose and its picrate are said to melt at 245° and 


217 respectively (14 
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Oxidation with Lead Tetraacetate and Periodic Acid—20 mg. samples of 
lipositol were dissolved in 10 cc. of chloroform and treated with lead tetra- 
acetate. At the end of the reaction time, the solvent was removed under 
reduced pressure, water was added, and H.S was immediately passed into 


the solution. Hydrolysis and determination of inositol were carried out as 


usual. 

For the experiments with periodic acid, the 20 mg. samples of lipositol 
were suspended in water and treated with HIO;. To stop the reaction, 
excess glycerol was added. As can be seen from the data in Table III, the 
inositol was destroyed completely only after a considerable reaction time. 


SUMMARY 


A method has been described for the isolation of lipositol, an inositol- 
containing phospholipid, from soy bean phosphatides. The compound 
contained 16 per cent inositol, 15.5 per cent carbohydrate identified as 
alactose, 8.3 per cent d-tartaric acid, 23.6 per cent oleic acid, a mixture of 
cerebronic, palmitic, and stearic acids equivalent in amount to the oleic 
acid, phosphoric acid, and ethanolamine. Isolation of some products o 
partial hydrolysis and a consideration of some of their properties have led 


conclusions regarding the structure of the molecule. Some properties 


Ol lipositol have been described. 
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In the theory of Krebs and Henseleit (1-3) the production of urea in 
the liver is the outcome of the recurrent cycle of reactions represented by 


the ac ompanying scheme. 


irginine 


+ HO 


Of the three consecutive reactions here postulated, each hereinafter desig- 
nated by its appe nded numeral, two (I and II) de pend on the presence of 


actively respiring liver cells, while (III) is effected by the soluble enzyme 
arginase. The probability that reaction (1) takes place in two stages (3) 


may. for the purposes ol this paper, be neglected. If the theory be correct, 
then so long as the cells have an adequate supply ol NH; and CO, (together 
with oxvgen and a suitable respiratory substrate) a small quantity of 
ornithine will “catalyze”’ the formation of an indefinite quantity of urea. 
The discoveries (a) that ornithine does act in this way and (b) that among 
other amino acids citrulline alone has a comparable effect upon urea 
S\ nthesis constitute d the basis on which the theory Was formed, and remain 
the principal items of evidence in its support 

As additional evidence tor the role which the the ory assigns to citrulline 
Krebs and Henseleit claimed that, whereas with ornithine as catalyst the 
ratio of ammonia nitrogen used up to urea nitrogen produced was approxi- 
mately 1 (0.91), with citrulline it was more nearly 0.5 (0.69). Bach (4) 


failed to confirm this observation, finding with citrulline a ratio of 1, and 


The experimental data of this paper are taken from a thesis presented by Allan 
fulfilment of the requirements for the degree of Doctor of 
Philosophy at the University of loronto 


593 








594 UREA SYNTHESIS IN 


h 


Whate, 


he | 


not necessarily pass through arginine. 


IS¢ d this failure as ¢ vide nce that the pat 


the ratio upon the mechanism of urea 


for later discussion it is evident that the que stl 


merits further study. 


Although t} 


both ornithine and citrulline have be« 


of urea synthe sis, little attention has hithert 
efficiencies in this regard. In so far as the poin 


citrulline has seemed to be the more effective 


ca 

of the paucity ol experime ntal data, it seems cde 

the matter, theoretically of no little interest, sh 
investigated 

The validity of the hypothesis of Krebs and H 


from citrul 


rormation 


0 been pa 


LIVER 


» to urea does 
be aring of 
shall leave 


magnitude 


er may be the 
a point we 


yn of its actual 


n recognized 


id to their 1 


as promoters 


elative 


t has been touched upon, 
talyst (1, 4, 5 In view 


able that thi aspect of 


ould he more thoroughly 


ce re atly 


enhanced if citrulline ¢ uuld be isolated from liver tissue or if either reaction 
[) or (II) co ld be showr ially to occur as an accompaniment of urea 
synthesis. It is quite certain that animals can u me manner convert 
ornithine into arginine (¢ nd also that the amidine group of the latte: 
the part liberated by arginase as ure n be it up out of NH; (7) and 
HCO Ss. Kitsugawa \) perrusing he w ot the st ymach. obtained 
some evidence for the conve mn of citrulline into arginine « presumably 
through the successive operation of reactions (II) and (III)) into ornithine. 
Ikeda (11) has reported the production of ornithine from citrulline in the 
perfused liver. Borsook and Dubnoff (12) have demonstrated that sur- 
viving kidney slices can transform citrulline into arginine On the other 
hand for the occurrence of reaction (I), or indeed for the production under 
iny ¢ mstances OI ¢ line in the animal body, there has hitherto been 
no direct evidence 

With the foregoing considerations in mind we have earried out, and now 


ying hy} _ Oo 
ying tT re¢ | 


OUDS OT! 


and Cl 


experiments: (1 


an extended series 


in which ornithine trulline, in a wide range « oncentrations, were 
compared with respect simply to their effect upon the speed of urea syn- 
thes This series included also a number of experiments with arginine; 
2) a group demonstrating the actual production of citrulline from orni- 
thine during th vnthesis of urea: (3) a group de voted to a comparison of 


the ammonia nitrogen to urea nitrogen ratios exhibited under the catalytic 
influence of v ice ly varied concentrations both of ornithine and of citrulline. 

In actual performance these three groups of experiments partly over- 
lapped one anothe1 The general outcome of all was to confirm, and in 


certain r¢ spects 
Mi fhods 


(re rie ral Tecl nig i¢ 
adopting, with only minor modi 


In all of our experiments 


slice te chnique, 


to amplity, the the ory Ol Krebs and Henseleit 


we employed the tissue 


neations, 


the procedure 
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described by Krebs and Henseleit (1). The animals used were Wistar 
rats, of either sex, killed by stunning after a fasting period of, usually, 48 
hours. The livers were cut free-hand with a thin razor blade, and slices, 
trimmed about 30 sq. mm. and of 0.3 mm. thickness, were washed thrice, 
for 2 minutes at a time, in 20 ml. of a 0.9 per cent NaCl solution, to each 
liter of which there had been added 20 ml. of 1.15 per cent KC] and 20 ml. 
of 0.11 m CaCl. The washed slices, in a number (five to seven) estimated 
to have a dry weight of about 10 to 12 mg., were distributed in 25 ml. 
Erlenmeyer flasks already charged with 3.5 to 4.5 ml. of the required reac- 
tion mixture. The flasks, each of which was provided with an inlet and 
a capillary outlet, were immersed, on a multiple holder, in a water thermo- 
stat at 37.5°. The inlets were connected through a manifold and a wash 
bottle to a reservoir of oxygen containing 5 per cent of CQ.; the outlets 
dipped just below the surface of the bath. The flasks were shaken at a 
rate of 70 cycles per minute with an amplitude of 6cem. For the first 12 
minutes or so they were flushed with the gas mixture at a rate to cause 
vigorous bubbling from the outlets. After this period of equilibration the 
flow of gas, though not completely interrupted, was cut down to about 
twenty bubbles per minute. The experiment was timed from this point, 
which was reached in less than 1 hour from the killing of the animal. The 
duration of the experiment was usually 2 hours. At its completion the 
liver slices of each vessel were removed, rinsed, dried, and weighed. Con- 
venient fractions of the residual medium were taken for the determination 
of urea, citrulline, and ammonia. 

Reaction Mixture—This eonsisted of the “new” physiological saline of 
Krebs and Henseleit (1), with admixtures of N Hs, lactate, and, as the case 
might require, either ornithine or citrulline. Its volume varied in different 
experiments between 3.5 and 4.5 ml. The NH; was supplied in the form 
of a 0.827 per cent NH,Cl solution, and in such amount as to give in the 
completed mixture an NH; concentration of 0.015 per cent. For the 
lactate, we have used both commercial and crystallized lactic acid, neu- 
tralized with NaOH to pH 7.4, and diluted to give a3 per cent solution of 
sodium lactate. The volume taken was that required to give a final 
concentration of 0.2 per cent. /(+)-Ornithine hydrochloride and /(+)- 
citrulline, prepared according to Hunter (13) and Gornall and Hunter (14) 
respectively, were used in concentrations so adjusted (from 0.2 up to 5.4 
per cent) that the volume of amino acid solution required was usually about 
one-twentieth and never more than one-fifth of the whole reaction mixture. 
The saline, in quantity sufficient to make up the total volume desired, was 
added last. Reference to the sample protocol of Table I will clarify the 
procedure. The pH of the final mixture was always 7.4. The dilution 
effected by the addition of the moist liver slices was estimated at not more 


than 1 or 2 per cent. 
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Determination of Ammonia—In our first experiments, taking for each 


determination 0.5 ml. of the reaction mixture, we employed for ammonia 


the photocolorimetric micromethod of Mason and Rozzell 15), whieh 
cde pends on nesslerization Later we discovered that the de velopment of 
the Nessler reaction is hindered by the presence of ornithine. This 
phenomenon, which we do not remember to have seen mentioned before, 
ean lead to serious error. In mixtures containing 0.5 per cent of ornithine, 
a concentration exceeded in some of our experiments, the color produced 
from ammonia is about half as intense as would normally be expected. 
Only with ornithine concentrations less than about 0.025 per cent can this 
effect be safelv neglected Citrulline shows an interference similar in kind, 
but much le Ss marke d, be OmIng perce} til le oniv at concentrations above 
Q.1 per cent and involving no serious error even at 0.25 per cent 


Che disturbing effect of ornithine was avoided in later experiments by 


adopting for ammonia the diffusion-titration ethod of Conway and 
Byrne (16 The volume of reaction mixture taken for the estimation was 
usually 0.7 ml., containing 40 to 80 y of NH Over this range the method 
gave in control experiments results within 2 per cent of the theoretical 
Determination of Urea—This was carried out on 3 ml. of the mixture by 
the manometric urease method of Krebs and Henseleit (1 The urease, 
in order that it should interfere as little as possil le with the s ibsequent 
determination of citrulline, was prepared (from an extract of jack bean 
meal by a doubl precipitation with acetone 17 In use 1 gm. of the 
dry enzyme powder Was dig sted for an hour with 10 ml. of wate The 
resultant suspension was treated v th 0.5 ml. of acetate buffer (1), allowed 
to stand for a further half hour, and then lightly centrifuged Che super 
natant liquid, if kept in the ice bo retained its ty Io t least 2 


wert ks 


Determination of Citrulline—After the determination and destruction of 
urea the contents of the manometer vessel were transferred quantitative ly 
to a 15 ml. volumetric flask, cleared of protein, and analyzed for citrulline. 
We have described elsewhere (17) the photocolorimetric method ¢ mployed 


and the details of its application to tissue slice experiments 


Compa SO? ot CO nithine and Cit illine in 7 hr Effect por [ ea Synthesis 


In expe riments upon over 80 rats, involving more than 300 individual 
determinations of urea, we studied the production of that substance by 
liver slices from fasted animals in a saline medium containing, per 100 ml., 
15 mg. of NH;, 200 mg. of sodium lactate, and varying quantities (from 
0.5 to 1000 mg.) of either ornithine or citrulline or (in a few cases) arginine. 
About one-third of the measurements was made under the general condi- 


tions represented in Table I, the effects of ornithine and citrulline being 
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compared in parallel experiments upon slices from a single liver. In the 
remainder one catalyst only was studied at a time. For each liver made 
use of we determined the basal level of urea synthesis by a control experi- 
ment, in which the saline bathing the tissue slices had no other additions 
than ammonia and lactate. The duration of the experiment was in every 
case 2 hours 

The results of the urea determinations are expressed in terms of the 
“urea quotient” of Krebs and Henseleit (1); 7.¢., Qurea = (¢.mm. of CO, 
from urea)/(mg. of dry tissue X hours). The effect of an added “‘catalyst”’ 
upon urea synthesis is measured by the increase of the quotient above the 


TABLE | 
Sample Protocol. Rat 101 


Volume of reaction mixture, 4.5 ml.; NH; 0.015 per cent, Na lactate 0.2 per cent; 
\ \ 1 2 3 4 5 6 7 
NH,Cl 0.827%, » 0.26 0.26 0.26) 0.26| 0.26) 0.26) 0.26 
Na lactate 3%. “ 0.30 0.30 0.30 0.30) 0.30) 0.30! 0.30 
Ornithine HCl, 2.6%, ml 0.03 0.13 
= 5.2%, “ 0.33 
Citrulline, 2.7%, ml 0.03) 0.13 
DAF 0.33 
Salin 3.941 3.91) 3.81) 3.61 3.91; 3.81} 3.61 
Ornithine, mg. per 100 n 0 17.5 | 75 (380 
( illir 100 0 18 78 396 
Dry weight of slices,* mg 10.71) 10.47) 10.96) 11.33) 10.72) 11.03) 11.13 
Urea in 2 hrs mm, CO 112.8 |222 227.3 1165.0 (218 (237 200 
juotient 5.27; 10.60) 10.37; 7.28f| 10.17) 10.74, 8.99 
increase 5.33} 5.10) 2.01f| 4.90) 5.47) 3.72 
* Seven slices in each 
+ Mean values from two parallel experiments 


basal value indicated by the control. Our basal quotients, ranging mostly 
between 4.0 and 6.0 and averaging 5.2, have, generally speaking, been larger 
than those reported by Krebs and Henseleit, our gross quotients of similar 
magnitude to theirs, and our observed increases therefore on the whole 
somewhat smaller. 

To display the numerical data in their entirety would take an undue 
amount of space. We content ourselves therefore with reporting (a) in 
Table I the complete protocol of a single representative experiment, (0b) 
in Table II a list of the individual values for increase of urea quotient 
found, anywhere in the series, at one particular concentration (10 mg. per 
cent) of ornithine or citrulline, and (c) in Table III a summary of the col- 
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lected results at all concentrations of ornithine, citrulline, and arginine 
tested. In the construction of the summary a few experiments, which 
(like those of Table I) were made at concentrations other than those 


specified, have been grouped for convenience under the nearest listed value, 


TaBLe II 
Increases of Urea Quotient Observed in All Expe riments with 10 Mq. per 100 ML. of 
Ornithine Hydrochloride or Equ lent Concentration of Citrulline 
U ( 1 
Individual experiments 3.04 2.59 
3.20 2 67 
5.27 3.00 
3.28 3.44 
3.60 3.45 
t Ol 3.50 
4.23 3.52 
t. 28 3.67 
1.4] 3.42 
1.95 3.73 
5.70 3.92 
1.23 
t.62 
1 66 
Mean 4.0] 3.62 
Parallel experiments 3.42 3.19 
1.21 3. 46 
1.39 3.30 
5.07 3.0% 
D.25 5. 63 
0.27 3. 48 
5 8S 1 37 
6.08 $ 93 
Meat t.95 3.67 
Mean o | experiment t 3S 3. 64 
} +-(). 937 tO. 544 


Concentrations arranged in the same horizontal line are, it may be noted, 
molecularly equal. Detailed data concerning some of the experiments 
included in the summary may be seen in later tables. 

Table II serves to exhibit the great variability of the results obtained at 


any one concentration of either catalyst, and to emphasize the impossi- 


bility of drawing valid conclusions from a comparison of single determina- 
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tions with each. It is true that in the parallel experiments of Table II 
the ornithine result is invariably the higher of the two, but at no other 
concentration has even this measure of consistency been observed. For 
this reason we have entered in the summary (Table III) not only the mean 
for each group, but the number of observations upon which it is based and 
its calculated standard deviation. We have further indicated those con- 
centration levels (three only in number) at which, according to the ¢ test 
of Fisher (18), the mean result for citrulline differs significantly from the 
mean for ornithine. 


Tase III 
Effects upon Urea Production of Increasing Concentrations of Ornithine, Citrulline, 
and Arginine; Summary of All Results 


NH; 0.015 per cent; Na lactate 0.2 per cent; time, 2 hours. 


Ornithine HCl Citrulline Arginine HCl 
Meg ok rt undard Mg. pe = ». OF come _ —_— Mg. per =< Ran A 
f " et 1 : ; of urea me | 100 ml. | serva-| of urea 
. vations! Guotient |  ™*” tions | quotient 
0.5 13 1.10 +0). 57 0.52; 14 0.75 +0.57 0.62) 1 0.66 
2 14 1.85 $0.71 2.08; 19 1.34 $0.73 2.50) 2 2.35 
5 17 5. 37 +0.75 5.2 23 2.38" +0 .57 6.24) 4 5.00 
10 20 138  +0.94 10.4 22 3.64* +0.54 | 12.5 2 7.61 
”) 17 1.86 +1.06 20.8 15 $.75 +1.09 | 25.0 2 9.76 
50 1] 1.82 | +1.20 52.0 6 4.80 +1.29 | 62.4 2 16.6 
100 12 } 9] +] 48 | 104 12 5.14 +Q0.81 (125 2 23.4 
200 7 3.08 | +1.16 | 208 3 1.33 +0). 42 
300 l 2.92 312 l 3.58 
100 6 1.83 +0. 94 116 2 3.03 +-] 02 
500 8 1.82 +201 520 S 2.31 +1.25 
600 5 0.19 +0.69 624 4 1.05* +0.50 
1000 ) 203 +0.04 1040 2 1.59 +1.08 


* Significantly different from the corresponding ornithine result. 


The data of Table III afford ample confirmation, if that were needed, of 
the original observations of Krebs and Henseleit upon the stimulation of 
urea production by citrulline as well as by ornithine. They provide, 
further, a larger material than has hitherto been available for comparing 
the relative efficiency of the two substances and the effects of varying 
concentrations of either. It is seen that in each case the effect increases 
regularly with concentration up to a level of 20 (in the case of ornithine 
perhaps only up to 10) mg. per 100 ml., that from 20 to 100 it remains 
constant, and that at still higher levels it falls off again, occasionally, with 
ornithine, reaching negative values. It may be said that, as far as ornithine 
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is concerned, the relations observed are in complete harmony with such 
relevant data as are to be found in the paper of Krebs and Henseleit (1), 
Comparable data for citrulline do not exist. 

The catalytic nature of the ornithine effect was inferred by Krebs and 
Henseleit (1) from these two observations: (a) that the rise in urea pro- 
duction is not accompanied by any corresponding consumption of ornithine, 
and (6) that a small quantity of ornithine may promote the synthesis of 
several times its molecular equivalent of urea. In the present series of 
experiments the action of citrulline has been found to present the same two 
characteristics. Whenever a citrulline determination has been made at 
the end of a 2 hour experiment, it has vielded, within the experimental 
error, the amount which had been added at the beginning. As for the 
second point, it might be deduced from the mean values of urea quoti nt 


at low concentrations of citrulline, as given in Table III, but it is more 


TABLE IV 
Catalytic Effect of Citrulline 
Rat 23: volume of medium, 3.5 ml.; time, 2 hours 
’ ‘ I M 
: I 
M 

( Ir 
lad 4 r mt Ud mt ” ”r 

0.52 0.104 1.54 wry, 0 S84 e 

2.05 0.416 6.96 34.9 | 57 ; Ss 

5.2 1.04 6.71 1) 1 Si) PR: 

10.4 2 OS 7.01 61.5 9 77 . 2 

directly exhibited in a typical singh experiment, such as that of which 


the data (with relevant calculations) are recorded in Table IV. On such 
evidence we conclude that citrulline exerts the same kind of catalvtie effect 
as ornithine. 

If. returning to Table III, we compare equivale nt concentrations of 
ornithine and citrulline, it will be seen that in the region of increasing 
quotients the effect of the first appears to be greater than that of the second. 
and that at two levels (5 and 10 mg. per 100 ml.) the difference shown is 
statistically significant. At high concentrations this relation is reversed, 
although only at 600 mg. can the difference between means be said to have 
significance. Over the middle region of maximal action the effect of 
citrulline is indistinguishable from that of ornithine In previous com- 
parisons of this sort as reported by Krebs and Henseleit (1), Bach (4 
and Isawa, Togo, and Kawabu (5), the effect of citrulline has appeared to 


be greater than that of ornithine. Details of Isawa’s measurements are 
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not accessible. Those of Krebs and Henseleit, two in number, were made 
at an amino acid concentration of 200 mg. per cent, and are therefore in 
agreement with our own observations at that level. Bach reports but one 
experiment, in which, moreover, the respiratory substrate was not lactate, 
but ketoglutarate. 

If, as the Krebs theory postulates, citrulline is a necessary intermediate 
in the production of urea from ornithine, it is evident that the stimulating 
effect of the latter cannot exceed that of an equivalent concentration of 
the first. One is forced therefore to consider the possible significance of 
the fact that at two concentration levels (5 and 10 mg. per 100 ml.) ornithine 
does apparently give a higher quotient than citrulline. This might mean 
that the Krebs cycle is not the only path along which ornithine is here 
giving rise to urea—that some alternative mechanism, such as that sug- 
gested by Bach (4), is simultaneously in operation. If this were so, one 
would hardly expect the difference to disappear, as it does, at higher con- 
centrations. We prefer therefore to believe that the discrepancy is only 
apparent, and that it is to be attributed to factors which we have not yet 
learned either to recognize or to control. It has to be remembered that 
the effective concentrations of catalyst are those within the liver cell, and 
that these are not necessarily the same as the concentrations in the sur- 
rounding medium. ‘The attainment of a given intracellular concentration 
may conceivably require a greater “head” of citrulline than of ornithine. 
In any case we consider the differences, such as they are, evident at low 
concentrations to be less significant than the identity of effect found over 
that whole broad span of concentrations (20 to 100 mg. per 100 ml.), in 
which the urea-producing mechanisms are working in the presence of an 
excess of catalyst and at the peak of their capacity. If ornithine and 
citrulline were involved in independent mechanisms, this identity would 
form a surprising coincidence. In the cycle of Krebs it is just what one 
would expect, provided only that, under the given conditions, reaction (IT) 
is not more rapid than reaction (I). This proviso, it will presently be 
shown, is fulfilled, (II) being actually the slowest of the three reactions. 
We regard our results, then, as evidence that all of the extra urea observed 
in these experiments originated through the ornithine cycle. 

As further evidence that the actions of ornithine and citrulline are parts 
of a single mechanism we may add that the combined effect of both never 
exceeds the maximal effect of one alone. Thus in one experiment (Rat 
126) with 12 mg. per cent of each catalyst, and in three (Rats 127, 128, 
129) with 60 mg. per cent of each, the increases of urea quotient observed 
were, respectively, 5.23, 4.71, 4.92, and 5.12. These are just such increases 
as occur with an optimal concentration of either catalyst by itself. Had 
each been operating upon a separate system, it might have been expected 
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that their effects would be additive; in that case the quotients would have 
reached much higher values. 

The reason for the fall in urea production, which sets in at concentrations 
over 100 mg. per cent, is uncertain. We have considered the possibility 
that it might be due to the coming into effect of the well known inhibiting 
action of ornithine (or citrulline) upon the enzyme arginase, with a conse- 
quent blocking of the cycle specifically at reaction (III). Two facets 
appear to negative so simple an explanation of the phenomenon: (1) we 
have failed to detect any such accumulation of arginine as would necessarily 
result, and (2) the drop in urea production, whether with ornithine or 
citrulline, is accompanied (see Table VIII) by a drop in the consumption 
of ammonia, indicating a retardation of reactions (I) and (II). Amino 
acid concentrations of 0.2 to 1 percent are of course quite unphysiological, 
and cannot be without effect upon osmotic and other relations of the liver 
cells. It seems likely that they produce a general depression of functional 
activity, of which the diminished production of urea is but one expression. 
With ornithine this effect was sometimes great enough to depress the urea 
quotient below its basal level (see in Table III, the mean value for 600 mg. 
per cent and, also, in Table VI, the individual values for Rats 92, 118, and 
119 

The urea quotients shown in Table III for arginine rise to levels much 
higher than the peak attained with ornithine, and, as far as they go, show 
no indication of having an upper limit of their own. It seems evident 
then, even without closer analysis, that the rate of arginine hydrolysis 
(reaction (II1)) cannot be a limiting factor in the speed of urea production. 
It is to be pre sumed, however, that under the existing circumstances the 
quotients observed reflect not only the direct production ol urea trom 
arginine by the liver arginase but, in summation therewith, the synthesis 
of urea through the action, within the Krebs cycle, of the ornithine simul- 
taneously set free. In order to ascertain how far this presumption could 
be substantiated we calculated, for each individual experiment with ar- 


ginine, the urea quotient which would have been obtained had the arginine 
been completely hydrolyzed and had there been no other source of urea. 
The results are given in the fourth column of Table V, where they mav be 
compared with the mean increases of quotient actually found (third 
column). The comparison shows that at the lower concentrations of 
arginine (up to 25 mg. per 100 ml.) the extra urea produced is far from 
being accounted for by hydrolysis alone. The excess of the “found” over 
the “hydrolysis” quotient, entered in Table V as ‘‘surplus’”’ quotient, we 
interpret as reflecting the catalytic effect upon urea synthesis of the 
ornithine directly derived from the added arginine. It can hardly be a 


coincidence that up to an arginine concentration of 12.5 mg. per 100 ml. 
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the surplus quotients calculated are not significantly smaller than those 
yielded by equivalent concentrations of originally uncombined ornithine 
see Table III). We take this to mean that arginine, in concentrations 
not exceeding the limit indicated, is hydrolyzed by the liver slices so 
rapidly and so completely that its addition is equivalent, in effect upon 
urea synthesis, to that of so much free ornithine. With greater concentra- 
tions of arginine complete hydrolysis, it is evident, is not accomplished 
within the period of the experiment. The stimulating effect of ‘‘nascent”’ 
ornithine is accordingly either partially (as at the 25 mg. level) or entirely 
masked. It may be presumed not only that it still exists, but that it con- 
tinues to increase up to, yet not beyond, the already determined maximum 
represented by a mean quotient of about 5. If this be granted, it will 


TABLE V 


Analysis of Effect of Arginine on Urea Production 


Urea quotients 


| ; H¢ aa ; H¢ Mean increase Maximum possible Mean surplus by 
above basal, as found by hydrolysis of synthesis 
Table III arginine (ornithine cycle) 
m j ”: m p r ” 
0.625 0.5 0.66 0.20 0.46 
2 50 2.0 2.35 0.95 1.40 
6.25 5.0 5.00 2.14 2.86 
12.5 10.0 7.61 1.26 3.35 
25.0 20.0 9.76 7.70 (2.06) 
62.5 50.0 16.6 18.6 
125.0 100.0 23.4 37.3 


appear that at the highest arginine concentration tested, where the quotient 
rose to 23.4 above basal, urea was being produced by direct hydrolysis 
several times as fast as by synthesis. Evidently, then, the liver is capable 
of hydrolyzing arginine much more rapidly than the ornithine cycle, work- 


ing at the limit of its efficiency, can ever supply it. 


Production and Accumulation of Cuitrulline during Ornithine-Catalyzed 
Synthesis of Urea' 

Table VI presents the record of those experiments, in which, using lactate 
as respiratory substrate and ornithine as catalyst, we determined not only 
the production of urea, but also that of citrulline. The number of rats 
employed in this series was twenty-two. The ornithine was added to the 
medium in concentrations ranging from 7.5 to 1000 mg. of the hydro- 

\ preliminary account of the work described in this section was presented to the 


Royal Sor ety Oo! Canada in May, 1941 (19). 
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chloride per 100 ml. The basal performance of each liver (two excepted) 
was determined in a paraliel experiment without added ornithine. In 
Table VI the observed gross rates of urea production are presented in the 
usual way as urea quotients (Column 8). The result of each citrulline 
determination is given in two ways, first, in Column 6, as the concentra- 
tion actually found in the medium at the end of each experiment and, 
secondly, in Column 7, as a “citrulline quotient.” The latter has been 
calculated as 


29 400 


and re presents, in terms of the Krebs theory, the volume of (gaseous 
ammonia (in ¢.mm. per mg. of dry tissue per hour) which, after uniting 
with ornithine in reaction (I . has failed to enter the late Stages ol the 
cycle. [t is therefore directly comparable with the urea quotient which, 
although originally defined in terms of CO,, must, if the theory is correct, 
be a measure also of (a2) ammonia taken up in reaction (I) and carried on 


through subse quent stages to appear In urea Or, ¢ qual therewith, (b) am- 


monia taken up in reaction (II The sum of the two quotients will give 
the total amount of ammonia, per mg. and hour, entering into the cycle 
with reaction (1 Che fraction of this total which fails to go further may 
be called the ‘‘coefficient of citrulline accumulation,” or simply the ‘‘citrul- 


line coefficient.”’ Calculated as 


it has been entered in Column 9 of Table VI. 
The prime result of the experiments is the demonstration that, when 


liver slices from fasted animals are suspended in a medium containing am- 


monia, sodium lactate, and ornithine, the customary acceleration of urea 


; 


synthesis is accompanied by an accumulation of apprecial le, and under 


favorable conditions li 


ubstantial, quantities of citrulline No certain 


btained in the 


indications of the presence of citrulline have ever been o 
] 


f as little as 0.0075 per 


absence of added ornithine, but in the presence OI as 
cent of the hydrochloride its concentration reaches measurable dimensions 
within 2 hours (Rat oY), and it seems a fair infe rence that some slight 


++ 


accumulation occurs at levels even lower. The data, it is to be noted, 


present no exceptions; whenever ornithine (within the range of concentra- 


tions tested) was present, citrulline made its appearance. Up to at least 
2 hours the production of citrulline, like that of urea, is progressive with 


time (Rat 100). foth, likewise, are functions of the intact liver cell. 
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Thus in the presence of 75 mg. per cent of ornithine liver slices from Rat 
87 produced in 3 hours a citrulline concentration of 2.2 mg. per 100 ml. 
Under the same conditions an equal weight of macerated tissue from the 
same liver produced no detectable quantity. 

It will hardly be doubted that the citrulline found in these experiments 
was synthesized from the added ornithine, but, if any evidence beyond 
their chemical relationship be required, it will be found in the correspond- 
ence exhibited between the ornithine concentration of the medium and the 
quantity of citrulline produced. It is true that at any one ornithine level 
the citrulline quotients of different livers vary as widely as the coincident 
increases of urea quotient. Thus at 200 mg. per cent of ornithine we 
find citrulline quotients varying from 0.55 (Rat 90) to 1.76 (Rat 108). 
But for any individual liver each rise in ornithine concentration is accom- 
panied invariably by an increased accumulation of citrulline. At the 
lower ornithine levels (up to about 100 mg. per cent) ornithine concen- 
tration and citrulline accumulation are, in fact, almost exactly proportional 
to one another (see Rats 89, 90, 94, 101). At higher levels proportionality 
commonly fails (Rat 118 presenting here a striking exception), but citrul- 
line values still continue to rise. The highest concentrations actually 
attained in individual experiments of the series were 18.7 (Rat 94) and 19.6 
average, Rat 119) mg. per cent, the citrulline quotients corresponding 
being 3.67 and 3.65. The ornithine concentration, at which these rather 
remarkable accumulations of citrulline were observed, was 450 to 500 mg. 
per 100 ml. It is not to be inferred that that concentration is a limiting 
one. The results with Rats 94 and 119 are somewhat exceptional; Rats 
95 and 97 show that an increase of ornithine from 0.5 to 1 per cent is still 
accompanied by a rise in the rate of citrulline accumulation. The data 
suggest in fact that with increasing ornithine concentration the citrulline 
quotient will rise indefinitely. Its behavior is therefore altogether different 
from that of the quotient for either extra or total urea. 

The inferences thus drawn from individual experiments are supported 
by a comparison of the averages, which, along with certain other calculated 
data, are recorded in Table VII. These averages are obtained by group- 
ing, as indicated, all results falling within each of certain reasonably narrow 
ranges of ornithine concentration. It will be evident that the citrulline 
data thus averaged, whether as concentrations, quotients, or coefficients, 
lie on or near a curve, the initial part of which, up to an ornithine concen- 
tration of about 100 mg. per 100 ml., is a straight line. The curve for 
quotient continues to rise, although at a diminishing rate, to the end. 
The coefficient appears to reach a maximum at 0.5 to 0.6 per cent of orni- 
thine, but this may be merely because the two observations made at | 
per cent were too few to give a fully representative average. It will be 
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noted that at that level the urea quotient, as we ll as the sum of the two 


quotients, also falls out of lin 


The results as a whole we take as demonstrating (a) that live r slices can 


convert ornithine into citrulline and (6) that such conversion is a constant 


accompaniment ol the synthesis, through added ornithine, of urea. It 
has already been shown that citrulline stimulates the production of urea 
in essentially the same degree as ornithins laken in conjunction these 
findings fall little short of proof that citrulline lies on a path bet ween 
ornithine and ure: To that extent they furnish direct and cogent evi- 
dence in support ol the hi pot he sis of Krebs and Hens leit 

Taking that hypoth SIS, a cordingly, as firmly established, we regard 
the accumulation of citrulline in our experiments as proof that it was being 


converted into arginine less rapidly than it was produced fron ornithine, 
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The question presents itself, whether this may not have been a te un 
physiological state of affairs, due to a more or less specific inhibitorv eff 
of unusual concentrations of ornithine upon reaction (T] Che data of 
Table VI] appear to show that a suspi ion of this sort is partly, but only 
partly, justified It will be noted ther that the sur Or the a and citrul 
line quotients hel 1S already pointed out retiects the ite of reaction 
(J continues to rise up to an ornithine concentration of about LOO mg 
per cent ind that its subsequent falling off is 1 thers \ Lhe urea quo- 
tient (reflecting similarly the rate of reaction (II)) falls off much mor 


rapidly, nearly twice as rapidly, if we neglect the aberrant vah 
~~ ) ? thy; It ] y\? } " try +} r +} | y\? ~ 7 »f ? 
cent ol ornichnine aqaoes appear theret ( | ne aepressan action Ol 
high concentrations of ornithine affects chiefly the step from citrulline to 
argining On the other hand citrulline accumulation is by no means lim- 
ite d to that upper range of ornithine concentrations within which depres- 


sion becomes evident It is alre vd conspicuous while urea synthe sis is 
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at its maximum, and is at least perceptible even earlier. We conclude 
that with ornithine concentrations up to the optimal the factor limiting 
the rate of urea production (that is, the over-all efficiency of the whole 
cycle) is the speed with which citrulline can be transformed into arginine 
reaction (II)). This conelusion, it has already been pointed out, is in 
consonance with the equal efficacy of ornithine and citrulline as catalysts. 

[It is probable that in the intact organism urea production seldom reaches 
such heights that the limiting factor actually comes into play. Only if 
and when it does, would citrulline be expected to accumulate tn vivo. Con- 
ceivably it is as a provision against just such a contingency that the kidney, 


as Borsook and Dubnoff (12) have shown, possesses the power to convert 
citrulline into arginine. By that mechanism citrulline would be returned 
to the cycle at a point where the functional capacity of the latter is prac- 
tically unlimited. 

The calculation of “citrulline coefficients” indicates (Table VII) that at 
ornithine concentrations of 17 to 30 mg. per 100 ml. only about 1.5 per 
cent of the ammonia utilized in reaction (I) fails to complete the entire 
eyele, whereas at 0.5 to 1 per cent of ornithine the proportion retained in 
accumulating citrulline rises on the average to 28 per cent. In individual 
experiments the proportion may be even higher, 35 per cent in Rats 92 
and 108, and nearly 50 per cent in Rat 119 (see Table VI). In the last 
nstance the medium actually contained, at the end of the experiment, 


about 2} times as much citrulline (by weight) as urea. 
Re lat on between Ure a Prod iction and Ammonia Consumption 


A number of rats were devoted to experiments in which we attempted 
to determine not only the amount of urea (and in some cases of citrulline) 
produced, but also the quantity of NH; which disappeared from the me- 
dium. Some of the results had to be rejected on account of the doubtful 
accuracy of the earlier ammonia determinations (see ‘“‘Methods’’). The 
remainder, constituting a group of, as we believe, trustworthy observations 
ipon ten separate livers, is presented in Tables VIII and LX. In each 
experiment there recorded the medium contained as usual 0.2 per cent 
sodium lactate and about 0.015 per cent NH3, with which there were in- 
corporated varying proportions, as indicated in the tables, sometimes of 
ornithine, sometimes of citrulline. The volume used, always 4.5 ml., con- 
tained (as separately determined for each experiment) from 543 to 568 

of ammonia nitrogen. The figures given for NH;-N consumed repre- 
sent, of course, in each instance the difference between the initial ammonia 
content of the medium and the ammonia found at the end of the experi- 
mental period. This period was usually 2 hours, but occasionally (Rats 


117, 118, 119) 2} hours. The dry weight of liver tissue employed varied 
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for different rats between 10 and 17 mg., but for all experiments with any 
one rat was made as nearly as possible the same. In most cases the basal 
performance of the liver was measured in a parallel experiment without 
added catalyst. 

Table VIII shows that (a) under basal conditions and (6) with citrulline 
as catalyst the ratio of ammonia nitrogen used up to urea nitrogen formed 
is reasonably constant, never differing by more than 10 per cent from a 
mean value of 1.14 in the first case, or 1.02 in the second. Bach’s (4) 
finding of a ratio of approximately 1 for citrulline is therefore fully con- 
firmed. It is further evident that this ratio is independent of the concen- 
tration of citrulline, being essentially the same with 200 or 600 mg. per 
100 ml. as with 20. With ornithine the ratio is found to be more variable. 
It ranges from 1.03 to 1.61, and its mean value in our series (1.20) is defi- 
nitely greater than the mean with citrulline. There is to be noted, how- 
ever, an evident association of the higher ratios with high concentrations 
of ornithine. Neglecting for the present a probable explanation of this 
association, we may remark now that for concentrations of ornithine not 
exceeding 30 mg. per 100 ml. the ratio is again approximately 1 (mean 
value found = 1.09). Within the limitation stated the ratios for citrulline 
and ornithine catalysis are therefore essentially the same. This identity 
of effect is shown not only by the calculated means, but also (and even 
better) by all but one (Rat 107) of the pairs of values (braced in Table 
VIII) obtained when ornithine and citrulline, in the same moderate con- 
centration, were compared in action upon a single liver. 

A nitrogen ratio of 1 means that for each molecule of urea produced 2 
molecules of NH; have been used up. It is therefore the ratio to be ex- 
pected from the continuous operation of the ornithine cycle, provided al- 
ways that at no point in that cycle does ammonia become, so to speak, 
imprisoned in an accumulating intermediate. With this proviso it ought 
not to matter whether the cycle is regarded as starting from ornithine or 
from citrulline, or which of these substances is acting in any particular 
instance to increase the over-all performance of the cycle. The fact that 
the steps from citrulline to urea (reactions (II) and (III)), taken by them- 
selves, involve a ratio of only 0.5 is hardly relevant. These steps lead to 
the production not only of urea, but simultaneously of ornithine, and this, 
according to the theory, must at once take up an additional quota of NHs. 
It was by this consideration that Krebs and Henseleit (1) offered to explain 
the ratio of 0.69, instead of 0.5, found in the single experiment which they 
carried out with citrulline. One has only to push the argument to its 
logical conclusion to see that citrulline should give a ratio less than 1 only 
if ornithine fails to react with ammonia as rapidly as it is produced, through 
arginine, from citrulline; in other words, only if reaction (I) takes place 
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more slowly than reaction (II). Unde such conditions one would expect 


ornithine to accumulate and the concentration of citrulline to fall. Noy 
Bach (4) has shown that during the synthesis of urea, as stimulated by 
citrulline, there occurs no formation of ornithine, and we ourselves, under 
similar circumstances, have repeatedly failed to find any change in the 
concentration of the citrulline We have, moreover, already given cogent 
grounds for believing that reaction (1) is not less, but more, rapid than 
reaction (I] \ ratio of 1 for citrulline is therefore not inconsistent with 


the hypothesis of Krebs and Henseleit. On the contrary, viewed in the 


light of the relative slowness of the citrulline-to-arginine transformation, 
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it affords to that theory additional support The relatively low rati 


observed by Krebs and Henseleit we feel bound to regard as fortuitous 


We may revert now to the high ratios (mean value 1.41) found in the 
presence OL e@XCessivé concentrations of ornithine \ ratio greater than | 
means of course that NH; has entered, and has remained in, other com- 
binations than urea Considerable accumulations of one such other com- 


bination citrulline, have alre ad hee n shown to appeal unde! exactly those 


circumstances which induce a high ratio ol ammonia to urea It becomes 
pe rtinent therefore to Inquire how much of the NH, not accounted for as 
urea can be located in citrulline (n answel to this question was provided 
by the « xperime nts with Rats | 17, 118, and 119, in which determinations 
of citrulline were combined with those of ammonia and urea The citrul- 


line results have already been recorded in Table V1 [In utilizing them in 
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the present connection it has been assumed, in accord with the theory, 
that 1 of the 3 atoms of nitrogen in citrulline has been derived from N Hs. 
Table LX presents the results obtained on this basis, and shows that, when 
the NH;-N to urea N ratios are ‘‘corrected”’ by including in the denomi- 
nator the NH; bound up in citrulline, they are reduced to a practically 
uniform level never differing greatly from unity. The mean of all cor- 
rected values is 1.05. This signifies that on the average 95 per cent of the 
NH; utilized during each experiment has been accounted for as urea and 
citrulline; z.e., by the operation of the ornithine cycle. In no single in- 
stance did more than 10 per cent appear to have followed some other path. 
These experiments furnish therefore yet another item supporting the hy- 


pothesis of Krebs and Henseleit. 


DISCUSSION AND SUMMARY 


Mechanisms of urea formation, alternative or supplementary to that of 
the ornithine cycle, have been proposed by Leuthardt (20) and by Bach 
1). We have not neglected the opportunity of testing the reported re- 
sults of these authors, but our experiments in that direction are as yet too 
few to justify definite conclusions. We refrain therefore for the present 
from discussing the question whether under any circumstances urea syn- 
thesis may proceed, in whole or in part, according to some other scheme 
than that of Krebs and Henseleit. The experiments we have here re- 
ported were made under one set of conditions only; namely, with lactate 
as respiratory substrate and with ammonia, in sufficient excess, as the 
sole added source of nitrogen. The results of these experiments we have 
interpreted as affording direct support to, or as entirely consistent with, 
the hy pothesis of the ornithine evyele. Direct support is furnished by the 
demonstration (a) that citrulline exerts upon urea production the same 
kind of catalytic effect as ornithine, and (6) that when ornithine acts as 
the catalyst it does actually give rise to citrulline. The fact that produc- 
tion of urea under the action of ornithine is accompanied by an accumu- 
lation of citrulline, an accumulation perceptible even at suboptimal con- 
centrations of the catalyst, is taken to show that the limiting factor in the 
operation of the cycle is the capacity of the liver tissue to convert citrulline 
into arginine. In full consonance with this idea, it has been argued, are 
the observations (a) that at optimal concentrations (20 to 100 mg. per 
100 ml.) ornithine and citrulline exert, molecule for molecule, identical 
effects upon the rate of urea production, (>) that with citrulline, as with 
low concentrations of ornithine, the ratio of NH3;-N consumed to urea N 
produced is unity, and (c) that the larger ratios found with high concen- 
trations of ornithine are completely accounted for by the coincident accu- 
mulation of citrulline. The only discrepant results are those which suggest 
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a greater effect of ornithine, as compared with citrulline, at concentrations 
below 20 mg. per 100 ml. Although this discrepancy remains for the 
present unexplained, we have given reason for doubting that it is of crucial 
importance. We conclude, accordingly, that under the conditions of our 
experiments all the phenomena of urea production (the one exception 
ignored) are immediately explicable in terms of the Krebs-Henseleit hy- 
pothesis, amplified only by the postulate that the transformation of citrul- 
line into arginine is the slowest of the three reactions involved. The 
formulation of alternative schemes is therefore here superfluous. 

Some comment is called for by the recent paper of Trowell (21). This 
paper describes perfusion experiments, performed upon rat livers, the out- 
come of which led Trowell to deny that citrulline showed, at low concen- 
trations, any effect whatsoever or, at high concentrations, any effect of a 
catalytic nature. These and other results were interpreted as demon- 
strating that the ornithine cycle cannot account for the whole of the urea 
formed from ammonia, and that in its original form it is in fact untenable, 
Trowell’s results with citrulline are in complete contrast with those re- 
ported in the present paper. The explanation of this contrast is not 
immediately apparent. Presumably it is to be found in some defect of 
the perfusion technique, which presents perhaps greater opportunity than 
the other for the occurrence of disturbing side reactions. In any case 
negative results obtained by its use can hardly be held to outweigh the 
clear cut positive results yielded by the tissue slice method. It may be 
added that in stating, as a weakness of the ornithine theory, that “there 
is no evidence that ornithine is ever converted into arginine” Trowell ig- 
nores the proof of such conversion afforded by the isotope work of Clutton, 
Schoenheimer, and Rittenberg (6) 

The investigation was assisted by a grant to one of the authors (A. G 


G.) from the Banting Research Foundation. 


Addendum (February 12, 1943)—This paper was already in page proof when ¥ 
received the December, 1942, issue of the Biochemical Journa ontaining a com 
munication by Krebs (22) on ‘‘Urea formation in mammalian liver.’’ Among the 
experiments therein reported there are five in which the effects of ornithine and 
citrulline, in concentrations of from 50 to 180 mg. per 100 ml., are directly compared 
In four of these the rates of urea formation were ‘‘virtually identical.’’ This is, 
course, in complete consonance with our own results. Referring to our earlier 


mention (17) of citrulline accumulation, Krebs deduces, as we had already done 
(19), that “‘here the conversion of citrulline into arginine is probably the limiting 
reaction.’’ Krebs also presents data, similar to those in our Table IV, demonstrating 


the catalytic effect of citrulline 
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Some 12 years ago, extracts of swine kidney were found to contain an 
enzyme, designated dehydrodipeptidase, that hydrolyzes the unsaturated 


peptide glyeyldehydrophenylalanine 
CH-C.Hs 
NH, -CH,-CO—NH-C-COOH 


to yield glycine, phenylpyruvic acid, and ammonia (1, 2). The existence 
of this enzyme was taken as an indication that dehydrogenated peptides 
might occur in metabolism. In order to facilitate the further study of this 
possibility, it was necessary to synthesize a number of peptides containing 
dehydrogenated amino acids. The present paper is concerned with the 
description of such peptides and the methods employed in their prepara- 
tion. 

As has previously been shown, acylated peptides containing one de- 
hydrogenated amino acid residue may be obtained by coupling in acetone- 
water solution the azlactone of an unsaturated amino acid with the sodium 
salt of a saturated amino acid. This reaction scheme has previously been 
employed for the synthesis of dehydrogenated peptides containing glycine, 
-leucine, /-glutamic acid, /-tyrosine, /-proline, /-arginine, and dl-serine 
3, 4 Evidence of the good yields and high degree of purity of the 
products obtained by this procedure will be found in the experimental 
section; e.g., pure acetyldehydrophenylalanylglycine (I) has now been 
obtained in 90 per cent vield. 

It has now been found that peptides with a glycine group at the carboxyl 
end, when treated with an aromatic aldehyde at 40° in the presence of 
acetic anhydride and sodium acetate, will yield the azlactones of un- 
saturated peptides. Thus, peptide (I) yielded the azlactone (II) of the 
doubly unsaturated peptide acetyldehydrophenylalanyldehydrophenylala- 
nine (III). The latter peptide was obtained from the azlactone by alkaline 
hydrolysis. 

' The coupling of saturated amino acid azlactones with amino acids in the presence 
f anhydrous pyridine has been studied by Carter, Handler, and Stevens (5 
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The use of p-hydroxybenzaldehyde in place of benzaldehyde makes ae- 
cessible peptides containing the dehydrogenated tyrosine residue. 


CH-C,.H CH-C,.H CH-C,H, 
CH;:-CO-NH-C-CO—NH-CH,-COOH CH;-CO-NH-C-C===N-C-C=0 
O 
I [] 
CH-C,H CH-C,.H CH-C,.H (‘H(OH)- C,H, 


CH,;-CO-NH-C-CO—NH-C-COOH CH;-CO-NH-C-CO--NH-CH-COOH 
(IIT) l\ 


Azlac tone I] was also obtained in a SCC ond manner, The azlactone of 
a-acetaminocinnamic acid (N-acetyldehydrophenylalanine) was coupled 
with ¢rans-phenylserine (6) to yield peptide (IV). This intermediate, on 
treatment with acetic anhydride at room temperature in the presence of 
small amounts of anhydrous sodium acetate, forms the azlactone (II). 
This transformation of peptide (IV) into azlactone (II) in all probability 
does not consist merely of a splitting off of 2 water molecules; we assume 
that, at an intermediary stage, the 6-hydroxyl of the phenylserine residue 
is acetylated and that subsequently, acetic acid is eliminated from the 
molecule.2. There will be described in the experimental section several 
other peptides, each containing a terminal phenylserine residue, which, 
under the influence of acetic anhydride, were found to split off 2 molecules 
of water and to vield azlactones. ‘The azlactone of the quadruply unsa- 
turated peptide (V) was obtained by repeated applications of this proce- 


dure 
CH-C,H CH-C.Hs CH-C,H CH-C.H 


CH,-CO—NH-C-CO—NH:-C-CO—NH-C-CO—NH-C-COOH 
(V) 


All the hitherto described reactions yield peptides of dehydrogenated 
aromatic amino acids. Peptides containing a dehydrogenated aliphatic 
amino acid were obtained in the following manner. I+ is known that 
chloroacetylated amino acids may be easily transformed into the azlactones 
of dehydrogenated amino acids (8). Correspondingly, chloroacetylleucine 
(VI) has now, by treatment with acetic anhydride, been converted into the 


- A similar reaction sequence concerning a cyclic derivative of serine is described 


in d 
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azlactone (VII) of acetyldehydroleucine. From this azlactone we pre- 
pared the peptide acetyldehydroleucylglycine (VIII), the azlactone (1X) 
of acetyldehydroleucyldehydrophenylalanine (X), and finally peptide (X) 


itself. 
CH,-C;H;, CH-C;H; 
Cl-CH,-CO—NH-CH-COOH CH;-C=N-C-C=0 
bye 
(VID (VID 
CH-C;H; 
CH,;-CO—NH-C-CO—NH-CH,-COOH 
(VIID 
CH-C;H,; CH-C,.H; CH-C;H; CH-C.Hs 
CH;-CO—NH-C-C===N:-C-C==0 CH;-CO—NH-C-CO—NH-C-COOH 
o—— 
(IX) (X) 


; 
In the interest of brevity, the unsaturated peptides obtained by the 
aforementioned methods are not discussed in detail but only listed as 


follows :3 


Dipeplides with One Double Bond 


Acetyldehydrophenylalanylphenylserine 
Benzoy lde hydropheny lalanylglycine 
Benzoyldehydrophenylalanylphenylserine 
Acetyldehydroleucylglycine 
Carbobenzoxyglycyldehydrophenylalanine‘ “ 
Acetyldehydrophenylalany]-l-alanine 
Acetyldehydrophenylalanyl-l-phenylalanine 
Acetyl-dl-phenylalanyldehydrophenylalanine* 


Dipeptides with Two Double Bonds 


Acetyldehydrophenylalanyldehydrophenylalanine‘ ° 
Benzoyldehydrophenylalanyldehydrophenylalanine‘ 
Acetyldehydrophenylalanyldehydrotyrosine* 
Benzoyldehydrophenylalanyldehydrotyrosine‘ 
Acetyldehydroleucyldehydrophenylalanine‘ 


* The experimental section follows the sequence of this list as closely as possible. 
‘ The azlactone of this compound is also described in the experimental section. 
‘ The amide of this compound is also described in the experimental section. 
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Tripeplides with One Double Bond 


Carbobenzoxyglycyldehydrophenylalanyl-l-glutamie acid 


Carbobenzoxyglycyldehydrophenylalany Iphenylserine 


] pe p lé | th 7 ro Double Bon is 


Acetvibis(de lrophenvlalanyl )glycin 
Acetylbis(dehvdrophenylalany!)-l-alanine 
Ace is(del ropher lalany!)-d-leucine 
Acet vl bis(dehydrophenvlalany! phenylalanine 
Acetyl bis(dehydrophe I /-tyrosine 
Acetyl bis(dehydrophenylalany])-/-proline 
Acetvibis(del phenyl nv! phenylserine 
Acetvlbis(dehvdrophenvlalany])-/-glutamic acid 
Bis(acetyldehydrophenylalany])-/-cystine 
Tripeptide with Three Double Bonds 
Acetylbis(dehydrophenylalanyl)dehydrophenylalanine (azlactone only 
Tetraventides with Three Double Bos 
Acetvitris(dehvdr phenvlal n\ phenylalanine 
Acetyltris(dehydrophenylalanyl) phenylserin 


Tet Lpeptlide u t} Fou Do ble Bonds 


Acetyltris(dehydrophenylalanyl)dehydrophenylala 


< 


Pe fape piide th Four Double Bond 


Bis(acetyldehydrophenylalanyldehydrophenylalany] cystine 


The peptides and azlactones containing one or several double bonds may 
be expected to exist in several stereoisomeric forms. The azlactone of 
acet yldehydrophenylalanyldehydrophenylalanine was indeed obtained in 
two forms of different color and melting point 

In Table I there are reported the molecular rotations in pyridine solution 
of the pyridine salts of a number of acetylated unsaturated peptides. The 
peptides compared have an optically active amino acid at the carboxyl end 
and one or more dehydrophenylalanine residues bet wee n the acetyl group 
and the opti ally active amino acid residuc The samples ( mployed were 
analytically pure and exhibited upon recrystallization no appreciable 
change of rotation. While this behavior does not absolutely guarante¢ 
optical homogeneity, none of the peptides showed any indication of in- 
homogeneity 

It will be noted that the peptides of alanine, leucine, phenylalanine, and 
tyrosine containing a single dehydrophenylalanine residue show a positive 
rotation and that the corresponding peptides with two dehydrophenylala- 


nine residues exhibit a rather high negative rotation. The peptides of 
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proline do not follow this general scheme. Acetyldehydrophenylalanyl-l- 
proline has a positive rotation not very much higher than that of the 
analogous alanine peptide; acetylbis(dehydrophenylalany])-/-proline also 
is dextrorotatory and thus differs greatly from the other doubly unsaturated 
peptides The glutamic acid series deviates from the above general scheme 
in another manner. The acetyldehydrophenylalanyl peptide is described 
in the literature (3, 4) as having a rather small levorotation. The acetylbis- 
dehydrophenylalany])-/-glutamie acid has now been found to show a 
considerably higher levorotation. 

When cystine is subjected to the azlactone procedure, both its amino 
groups are substituted. Two cystine peptides are reported in Table I, 
the one containing two acetyls and two dehydrophenylalanine residues per 


TABLE | 
Volecular Rotations of Several Dehydrogenated Peptides (at Temperatures Ranging 


> 
fram 28-33 


A\cetyldehydro-  Acetylbisdehy vere a ae ee 
Ar phenylalany! dr se lalany! drophenylalany!| 4, (1 2 
{ ss * Ps - derivative 
Alanine 119 2900 -110,300 129, 500 
Leucine +11,800 113,700 125, 500 
Phenylalanine +12, 700 85, 500 23, 100 98. 200 
['yrosine 16,600 70, 700 87 , 300 
Glutamic acid 1, 500 87, 500 86 , OOO 
Proline +25, 000 +22, 200 2.800 
Cystine 11,800 77,600 
* The temperatures at which the rotations were determined may be found in the 

xperimental sectio1 


eystine residue and the other containing two acetyls and four dehydro- 
phenylalanine residues. Both peptides are levorotatory. 

A common characteristic of all the above peptides is the fact that in 
each series the transition from the acetyldehydrophenylalanyl peptide 
to the acetylbis(dehydrophenylalanyl) peptide results in a shift of the 
rotation towards the left. 

However, it will be observed that no further shift towards the left 
occurs but, on the contrary, a considerable decrease of the levorotation 
when one proceeds from acet ylbis(dehydrophenylalany])-/-phenylalanine to 
acetyltris dehyvdrophenylalany! -/-phenylalanine. 

The above data, preliminary though they are, already indicate clearly 
that the rotation of unsaturated peptides is a function of the structural 
nature of the active amino acid residue as well as of the number of un- 
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saturated residues present. The expectation may be expressed that a 
closer study of unsaturated, optically active peptides, which are now suf. 
ficiently accessible, will result in valuable contributions to our understand- 
ing of the interdependence of optical rotation and molecular structure in 
peptides. 

Several unsaturated peptides were found to undergo easy transformation 
into cyclic anhydropeptides which are isomeric with azlactones. The 
Ss) nthesis of these anhydropeptides will be reports d in a later communica- 


tion. 


The authors wish to thank Mr. Stephen M. Nagy, who performed most 
of the analyses reported in the experimental section, and also Dr. Adalbert 


Elek, for their valuable assistance. 
EXPERIMENTAL 


Acetyldehydrophenylalanylglycine—The previously given directions (9 
for the preparation of acetyldehydrophenylalanylglycine were modified as 
follows: To a suspension of 30 gm. of glycine in 400 cc. of acetone were 
added with stirring 400 ec. of N NaOH and, after several minutes, 75 gm. 
of acetyldehydrophenylalanine azlactone (acetaminocinnamic acid azlae- 
tone). After several hours 410 cc. of N HCl were added to the clear solu- 
tion. 95 gm. of acetyldehydrophenylalanylglycine crystallized at 0°. 
These crystals were dissolved in aqueous potassium bicarbonate and 
reprecipitated by the addition of HCl. M.p., 194—-195° (corrected). 

Acetyldehydrophenylalanylphenylserine—To a suspension of 19 gm. of 
trans-phenylserine (6) in 300 cc. of acetone were added with stirring 100 ce 
of Nn NaOH and 19 gm. of acetyldehydrophenylalanine azlactone. After 
1 hour’s stirring at 45°, the resulting clear solution was acidified at 0° by 
the addition of 102 cc. of N HCl and 28 to 30 gm. of the acetylated dipeptide 
crystallized. This was dissolved in a hot mixture of 600 cc. of ethanol 
and 180 ec. of water. The cooled solution gave on dilution with more 
water 27 to 29 gm. of colorless needles. M.p., 226—228° (with decomposi- 


tion) (corrected). 


( H, () No ( alculated ( 65 . H 5 5. N 


368 } Found ‘6 65 we! 6. us 


This peptide is somewhat soluble in hot aqueous acetone, but much less 
so in anhydrous acetone, benzene, chloroform, and water. 

For the transformation into the azlactone of acetyldehydrophenylalanyl 
dehydrophenylalanine, 20 gm. of acetyldehydrophenylalanylphenylserine 
were kept at 40° with 50 cc. of acetic anhydride and 2 gm. of anhydrous 
sodium acetate for 24 hours. After the excess acetic anhydride was 
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decomposed by ice water, the filtered azlactone was kept overnight with 
100 ec. of acetone at 0°. Yield, 13.5 gm. The azlactone was dissolved in 
warm acetone and reprecipitated by the addition of water. M.p., 184—-186° 


(corrected ¥ 


2 


CooH,6O;N2. Caleulated. C 


332.3 Found 


2.3, H 4.8, N 8.4 
a 5 


ye 


Benzoyldehydrophenylalanylglycine—A solution of 30 gm. of glycine in 
100 ec. of N NaOH and 125 ce. of acetone was stirred with 100 gm. of the 
azlactone of benzoyldehydrophenylalanine. After 2 to 3 hours, the 
addition of 402 ec. of N HCl precipitated the colorless rods of benzoyl- 
dehydrophenylalanylglycine. Yield, 120 gm. The benzoyl peptide was 
dissolved in acetone and crystallized on addition of water. M.p., 208-209° 


with decomposit ion) (corrected). 


C,sH,.O.Ne. Calculated. C 66.6, H 5.0, N 8.6 
‘5 


324.3 Found. * 66.7, 


A compound of the same designation but a melting point of 165° has 
been obtained by Graenacher and Mahler (10) by coupling benzoyl- 
dehydrophenylalanine azlactone with glycine ethyl esterand subsequently 
saponifying the ester group with hot NaOH. By saponifying the ester 
at room temperature with N NaOH and with the addition of acetone, we 
obtained a benzoyldehydrophenylalanylglycine melting at 199—200° (with 
decomposition). A mixture with the preparation obtained from benzoyl- 
dehydrophenylalanine azlactone and glycine melted at 200-201°. No 
effort was made to decide whether the lower melting preparations were 
mixtures of stereoisomeric compounds. 

Benzoyldehydrophenylalanylphenylserine—To a suspension of 36.2 gm. 
of trans-phenylserine in 560 ec. of acetone there were added with stirring 
200 cc. of N NaOH and subsequently 50 gm. of benzoyldehydrophenyl- 
alanine azlactone and the temperature was raised to 55°. After 2 to 3 
hours, the clear solution was acidified, at 0°, by the addition of 205 cc. of 
NHCl. Yield, 58.4 gm. Removal of the acetone from the mother liquor 
yielded another 26 gm. For analysis, the substance was recrystallized 
from acetone and water. M.p., 180° (with decomposition) (corrected). 


C.;H»O;N2-H.O. Calculated. C 67.0, H 5.4, N 6.2, H.O 4.0 
148.4 Found. “6h Or: ”6 Oo ee 


The substance is rather soluble in acetone, ethanol, and methanol; much 
less soluble in water and in ethyl acetate. 

Acetyldehydroleucine—40 gm. of chloroacetyl-/-leucine (11) were agitated 
with 60 ce. of acetic anhydride in a bath at 60° for 1} hours. On fractiona- 
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the azlactone of acetyldehydroleucine distilled at 68-69°, 


rion wy CuO 


under a pressure ot O i5 mm., as a colorless liquid. ‘I he vield was only 


about 1S gem 
The azlactone was characterized by its transformation into the cor- 


responding acid and its amide. 5 gm. of azlactone were kept overnight 
at O° with 12 ec. of water and large colorless cry stals formed. Yield, 2.5 


They were recrystallized from ethyl acetate. M.p., 155-157° 


gym. 


corrected 


The amide was obtained by treating at 0° 4.2 gm. of azlactone with 25 


ee. of a 10 per cent aqueous solution of ammonia. An oil formed which 
crystallized on seratching Yield, 3.5 gm. The amide was recrystallized 


M.p., 205-207° (with 


from 50 pe cent ethanol as well formed prisms 


decomposition corrected). 


gm. of acetyldehydroleucine azlactone 


( cetyldehydroleucylalycine—8 
veine ethyl ester in ether Within 


were treated at 0° with a solution of g 


a few minutes 8.5 gm. of acety ldehvdrol uceviglveine ethvl ester cde posited 


It was reervstallized from ethyl acetate \L.p., 130-132° (corrected 


The estel dissolves easily in ethvl acetate, ethanol, and methanol: 


verv slightly in ethe1 


ter group, 120 ec. of N NaOH were added 


In order to Saponily the CSI 
with stirring to a suspension of 30 gm. of ester in 30 ec. of etl anol Afte 


30 minutes, 120 ec. of N HCl were added to the clear solution and the liquid 
was evaporated to drvness The colorless residue is a mixture of acetyl- 


dehvdroleuevlglveine and sodium chloride 


For the isolation of pure acetvld hvdrol uc lg] cine, a 5 gm sample Ol 
the aforementioned mixture was dissolved in 50 ec. of water and extracted 
eight times with 50 cc. portions of ethyl acetate Phe combined extracts 
on concentration, vielded 2 gm. of acetvldehvdroleucylglycine melting at 


185-187 corrected 


128 . 2 Found ~ oe, gm 2.2 


Carbobenzoxyal ycyl-dl-pl enylserine The ph nylserine ester used in the 


following experiments was prepared by esterifying ¢rans-phenylserine with 
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ethanol and HC] gas, evaporating in vacuo, and repeating the esterification 
and evaporation. The ester hydrochloride thus obtained melted at 137- 
139° (corrected). 50 gm. of ester hydrochloride were added with vigorous 
stirring to an ice-cold mixture of 250 ec. of water containing 40 gm. of 
K»COs;, and 750 ce. of ethyl acetate. After a few minutes, the ethyl 
acetate layer was separated and dried over anhydrous Na.SO,. This solu- 
tion contained 39 to 40 gm. of phenylserine ethyl ester, corresponding to 93 
ner cent of the theory, and was used directly for the following experiment. 
22 gm. of carbob nzoxvglycine chloride (12) were added, with cooling, 
toa solution of 39 gm. of phenylserine ethy] ester in 750 ec. of ethyl acetate. 
Phenylserine ester hydrochloride separated out, together with carboben- 
zoxyglycylphenylserine ethyl ester. The solids were filtered off after 24 
hours, dried, and dissolved in 600 ec. of hot 95 per cent ethanol. Addition 
of 800 ec. of water precipitated 32 gm. of carbobenzoxyglycylphenylserine 
ethyl ester.6 After recrystallization from ethanol, the ester melted at 
149-151° (corrected 


( H.ON (‘aleulated C' 63.0. H 6.0. N 7.0 
‘ sé 1 7" 7 


To prepare carbobenzoxyglycylphenylserine, 30 gm. of the ethyl ester 
were shaken for 1 to 2 hours with a mixture of 80 ec. of N NaOH and 160 
ec. of methanol. The clear solution was acidified by the addition of 85 
ec. of N HCl and kept at 0° overnight. Yield, 25.1 gm. The acid was 
reerystallized from methanol by the addition of water. M.p., 161 163° 


corrected 


( H.oo,> ( culated C 61.3, H 5.4, N 7.5 
72.4 I d 61.1 ® ae F 
Carbobenzoxyglycyldehydrophenylalanine—The azlactone of this com- 


pound was obtained when 18.6 gm. of carbobenzoxyglycylphenylserine 
vere kept at room temperature with 95 ec. of acetic anhydride and 2 gm. 
of anhydrous sodium acetate with frequent shaking. After 24 hours, 100 
ec. of ice water were added and, after several hours standing at 0°, the silky 


needles of the azlactone were filtered off and dried over P.O and KOH 


vacuo. Yield, 13.6 gm. For analysis, the almost colorless azlactone 
was twice recrystallized from ethyl acetate. M.p., 141-142° (corrected). 
C,0H:1cO.N Calculated. C 67.8.H4.8.N8.3 
336.3 Found. “e, £5, BA 
The mother Liquol remaining aitel! the filtration of the dipeptide ester, may be 
meentrated in vacuo. Most of the phenylserine ester contained therein as the hy- 


drochloride mav then be recovered bv the pre viously described procedure. 
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5.5 gm. of azlactone, after being heated in a mixture of 100 cc. of atetone 
and 20 ec. of water at 60° for 4 hours, yielded, on subsequent evaporation 
in vacuo, 5.6 gm. of carbobenzoxyglycyldehydrophenylalanine which melted 
at 166-168°. This was recrystallized from ethyl acetate with considerable 
loss. M.p., 168-170° (corrected). 


CyoHisO;N2. Calculated. C 64.4, H 5.1, N 7 
354.4 Found ia. ae ee 


Needles, easily soluble in hot acetone, hot ethyl acetate, and hot ethanol, 


sparingly soluble in ether, and particularly so in water, were obtained. 

In order te obtain the corresponding amide, 3.5 gm. of azlactone were 
added to a mixture of 7 cc. of a concentrated ammonia solution in water 
and 4 ec. of pyridine. After 15 hours, 2.5 gm. of amide crystallized on the 
addition of water and scratching. It was recrystallized from ethyl acetate 
by the addition of petroleum ether. M.p., 164-166° (corrected). 


C.eH,20.N Calculated. C 64.6. H 5.4, N 11.9 


| 
j Found =e." ae. 2a 


The amide is rather soluble in methanol and ethanol. 

Ace tylde hyd ophe n jlalanyl-l-alan ne This substance was obtained from 
8.9 om. of /-alanine, 100 ec. of acetone, 100 ec. of N NaOH, and 18.8 gm. 
of acetyldehydrophenylalanine azlactone. On addition of 102 ce. of x 
HCl, the peptide crystallized as colorless needles. Yield, 17.8 gm. 
Another considerable quantity was obtained from the mothe liquor on 
( vaporation of the acetone tn vacuo The peptides was recrystallized from 
60 per cent methanol by the addition of more wate M.p., 195-196 
with decomposition) (corrected). 

C,4H,.O.N Calculated. C 60.8, H 5.8, N 10.1 


976.3 Found a " C..o — wae 


r ) 9 " . . . . 
a]®? = +69.4° (2 per cent, in pyridine). After one more recrystalliza- 


tion fal]; > was +69.6°. 

Acetyldehydrophenylalanyl-l-phenylalanine—This peptide was obtained 
from a mixture of 8.25 gm. of /-phenylalanine, 100 cc. of acetone, 50 ce. of 
N NaOH, and 9.35 gm. of acetyldehydrophenylalanine azlactone by the 
subsequent addition of 51 ec. of N HCl. It was recrystallized three times 
from 120 ec. of methanol by the addition of 300 cc. of water. Yield, 12.9 
gem M p., 213-215 (with decomposition corrected), 


CU, H ON Calculated C 68.2, H 5.7, N 8.0 
352.4 Found ks ae 8.0 
26 —e - , ° ae : — 
als = +35.5° (5 per cent, in pyridine). Other preparations gave 
we 


fals = +35.0° and +37.6°. 
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Acetyldehydrophenylalanyl-l-tyrosine—This substance was described by 
Bergmann et al. (3) as having a melting point of 217-218° (corrected) 
and [a]?” = +47.1° (2.5 per cent in pyridine). The preparation has now 
been repeated. The melting point of an analyzed sample was found to be 
928.5-229.5° (with decomposition) (corrected) after discoloration from 
221° on. [a] > = +45.0° (in pyridine). 

Acetyl-dl-phenylalanyldehydrophenylalanine—20 gm. of acetyl-dl-phenyl- 
alanylglycine (9) were shaken for 2 hours with 20 ce. of acetic anhydride, 
8.2 cc. of benzaldehyde, and 3.5 gm. of anhydrous sodium acetate. After 
2 days the excess anhydride was decomposed by the addition of 20 cc. of 
ice water. The undissolved, almost colorless crystals (4.5 to 5.0 gm.) 
were the azlactone of acetyl-di-phenylalanyldehydrophenylalanine. They 
were recrystallized first from ethyl acetate, by the addition of petroleum 
ether, and then from a mixture of 300 cc. of acetone and 10 cc. of water, 
by the subsequent addition of 1 liter of water. Yield, 3.2 gm. M_.p., 


206-207° (corrected). 


CooH,s03;3N2. Calculated. C 71.8,H 5.4,N 8 
334.4 Found. “Ts on a 


or 


2.1 gm. of azlactone dissolved when shaken with a mixture of 20 ec. of 
acetone and 7 ec. of N NaOH. After 6 hours the solution was filtered and 
7.2 cc. of N HCl were added. 2.1 gm. of acetyl-di-phenylalanyldehydro- 
phenylalanine crystallized as colorless needles. They were dissolved in 
14 ec. of hot, 85 per cent methanol and crystallized on cooling and the 
addition of more water. M.p., 209-211° (with decomposition) (corrected), 
after sintering at 206°. 

CoopH2004N2. Calculated. C 68.2, H 5.7, N 8.0 

352.4 Found. ~~, Clk” toe 


Acetyldehydrophenylalanyldehydrophenylalanine—65 gm. of acetyldehy- 
drophenylalanylglycine were thoroughly mixed with 75 ce. of acetic 
anhydride, 30 ec. of benzaldehyde, and 17 gm. of anhydrous sodium ace- 
tate and kept for 2 days at room temperature. The excess acetic anhydride 
was then decomposed with 75 ec. of water at 0°. On filtration, 60 gm. of 
the azlactone of acetyldehydrophenylalanyldehydrophenylalanine were 
obtained. This was recrystallized from a mixture of acetone and water. 
M.p., 184-186° (corrected).?7 A mixture with the previously described 

? The mother liquor, on further dilution with water, yielded a small second crop. 
When this was covered with the 15-fold amount of ether, bright yellow and deep orange 
crystals slowly appeared, which were separated mechanically. The yellow crystals 
were the azlactone described above, m.p. 184-186°. The orange crystals were an 
isomer, which, above 172°, sintered and melted somewhat to form a yellow semisolid, 
which in turn melted sharply at 191-193° (with decomposition) (corrected). Found, 
C 72.0, H 4.7, N 8.3. 
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azlactone obtained from acetyldehydrophenylalanylphenylserine melted 


at the same te perature 


Kon hvdrolvsis to the corr ponding acid, 30 gen of the azlactone were 
dissolved in a mixture of 300 ec. of acetone and 125 ec. of N NaOH \fter 
2 hours, 130 cc. of N HCl were added. Needles of a bright buff color pre- 
cipitated. They were dissolved in a boiling mixture of 500 cc. of ethanol 
and 230 ec. of water and precipitated by the addition of more water at 0 


Yield. 28.0 en \L.p., 204 IOS \\ t} decomposition corrected 


( H,.0O.-H.O ( (' 65 I] \ 6. H.O 4 
ys | bo. 2 >» ft Z 5 f) 
Acetvidehvdrophenvlalanvildehvdrophenvlalanine forms rods It is some- 
what soluble in hot acetone and hot aleohol, much less so in ethyl acetate, 
ether, and 
The amide of this peptide was obtained by shaking 10 gm. of azlactone 


with a mixture of 20 ec. of pyridine and 80 cc. of concentrated aqueous 
ammonia After 2 hours wate! was added, and the amide filtered off and 


reervstalliz d from a 1:2 mixture of ale hol and wate Che amide forms 


coarse four- and six-sided plates \I.p., 229° (with decomposition) (cor- 
rected 
| of D { HS i] . 2.0 
68 , 
Benzoyldehydrophenylalanyldehydrophenylalanine—33 gm. of benzoyl- 
dehvdrophenvlalanyvlglvecine were thoroughly mixed at room temperature 
with 100 ec. of acetic anhvdride, 15 ce. of benzaldehyde, and 10 gm. of 
anhydrous sodium acetate \fter 1 dav, the resulting azlactone was 
isolated in the usual mannet It was dried, covered with 100 ec. of ethyl 
acetate overnight at 0°, filtered, and treated with another 100 cc. of ethyl 
acetate in a similar manne! Yield, 18 gm \I.p., 188-190° (corrected 
For analvsis the azlactone was recrystallized from hot ethvl acetate 


The same azlactone was obtained when 20 gm. of benzoyldehydro- 
phi nvlalanylphe nviserine were kept for 24 hours at 20° with 50 ee. ol 
acetic anhvdride and 1 gm. of anhydrous sodiun cetate and the azlactone 
then isolated in the usual mannet Yield, 17 gm After recrystallization 
from ethvl acetate, 12 gm. melting at 189-190° (corrected) were obtained 


Found, C 76.1, H 4.8, N 7.2 
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20 gm. of azlactone were shaken at room temperature with 200 cc. of 
acetone and 55 ec. of N NaOH until a clear solution resulted. After 5 
hours, 57 ec. of N HCl were added and the acetone removed from the 
solution in vacuo. On addition of water and a small amount of ether, 
90.7 gm. of benzoyldehydrophenylalanyldehydrophenylalanine were ob- 
tained. The crude material was twice recrystallized by dissolving it in 
about 500 ec. of hot ethyl acetate and precipitating with petroleum ether. 
Yield, 12.0 gm. M.p., 180-181° (with decomposition) (corrected). 


CosHopOiN Calculated. C 


, 9.8. H 4.9, N 6.8 
112.4 Found = 


5.0. ** 6.6 


Benzoyldehydrophenylalanyldehydrophenylalanine forms cream-colored 
rods, which are sparingly soluble in acetone, ethyl acetate, ethanol, and 
ether, and much less so in petroleum ether and in water. 

The amide of benzoyldehydrophenylalanyldehydrophenylalanine was 
obtained when 6 gm. of the azlactone were added to a mixture of 15 ec. of 
concentrated aqueous ammonia and 12 ec. of pyridine. After several 
hours, the amide was precipitated with water, and recrystallized from 
methanol by the addition of water. M.p., 199° (corrected). 


CosHaOsN Calculated. 


1] | Found 


3.0, H 5.1, N 10.2 
) 5 9 1 


34° 62.° 2B 


? 


Acetyldehydrophenylalanyldehydrotyrosine—26 gm. of acetyldehydro- 
phenylalanylglycine were mixed with 50 ec. of acetic anhydride, 14 gm. of 
p-hydroxybenzaldehyde, and 7 gm. of anhydrous sodium acetate. After 
initial cooling, the mixture was kept at 40° for 2 days. The crude azlac- 
tone, isolated in the usual manner, was digested with 150 ec. of acetone at 
0°, filtered off, and recrystallized from ethyl acetate by the addition of 
petroleum ether. Yield, 20 gm. The azlactone sintered at 165° and 
melted at 193-194° (corrected). As was to be expected, the azlactone 
contained the phenolic hydroxy] of the tyrosine residue in the acetylated 


iorm 


CooH)sO;N Calculated. C 67.7, H 4.6, N 7.2 


a). 4 Found * ee” £28. F 


39 gm. of azlactone were stirred at room temperature with 250 cc. of 
wetone and 300 ec. of N NaOH. After 3 to 4 hours, 305 ec. of n HCl 
were added and the acetone removed in vacuo. An oil separated which 
solidified on addition of a small amount of ether. The solid was filtered 
off by suction. Yield, 28.4 gm. The dark brown crystals were digested 
for 24 hours at 0° with 125 ec. of anhydrous acetone, filtered, and again 
treated with acetone. The resulting buff crystals, 25 gm., were recrystal- 
lized from 1.5 liters of absolute ethanol with the addition of much petro- 
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leum ether. Needles, melting at 218° (with decomposition) (corrected 


were obtaing d. 


CooHy;gO;N2°}H.O. Calculated. C 64.8, H 4.9, N 7.6, H.O 1.2 


370.9 Found ee eee 6, 2 


Benzoyldehydrophenylalanyldehydrotyrosine—The acetylate d azlactone of 
this compound was prepared from 50 gm. of benzoyldehydrophenylalanyl- 
glycine, 150 cc. of acetic anhydride, 23 gm. of p-hydroxybenzaldehyde, and 
18 gm. of anhydrous sodium acetate. The crude acetyl azlactone was twice 
digested with 250 ec. of anhydrous acetone at O°. Yield, 55 gm. It was 
dissolved in 4 liters of hot acetone and crystallized by addition of 5 liters 
of water. For analysis, a sample was twice recrystallized from much 


ethyl acetate. M.p., 231-233° (corrected). 


To a suspension of 5.5 gm. of acetyl azlactone in acetone, 2 equivalents 
of N Nal /H were added. The clear solution was acidified after 2 hours 
and concentrated n vacuo 2.5 gm OI a ye llow precipitate were obtained. 
representing the acet vl-free azlactone. Twice reervstallized Irom a mix- 


4 


ture of acetone and water, this azlactone melted at 235-—238° (corrected 


3.2, H 4.4, N 6.8 


In order to prepare benzoyldehydrophenylalanyldehydrotyrosine, y 
gm. of acetyl azlactone, suspended in 160 cc. of acetone, were hydrolyzed 
by 80 cc. of N NaOH (4 equivalents After 3 hours, 82 ec. of N HCl and 
160 ec. of water were added The filtered precipitate was dissolved in 85 
ec, ot acetone and reprecipitated by the addition of 170 ec. of wate 
Yield, 7.2 gm \ML.p., 164—-166° (with decomposition) (corrected 


C.;H2O;N2-H.O. Calculated. C 67.2, H 5.0, N 6.3, H.O 4.0 


146.4 Found "Gua, 49 6.3 1.0 


The acid forms almost colorless crystals, showing a slight brownish cast 
It is soluble in aqueous KHCO, and also in methanol, ethanol, and acetone 
The amide of this acid was obtained when 12 gm. of acetyl! azlactone 


were mixed with 25 ec. of ethe1 and 25 ee. of a concentrated aqucous solu- 


tion of ammonia and allowed to stand overnight After addition of water, 
the amide was filtered off (8.3 gm.) and first recrystallized from acetic 
acid and water and afterwards from methanol and water. M.p., 228° 


with decomposition) (correcte d). 


C.;H»O.N;-H2O. Calculated. C 67.4, H 5.2, N 9.4 


145.4 Found ak 











Ic 
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Acetyldehydroleucyldehydrophenylalanine—15 gm. of the aforementioned 
mixture of acetyldehydroleucylglycine and sodium chloride were tho- 
roughly mixed with 25 ec. of acetic anhydride, 7 cc. of benzaldehyde, and 4 
gm. of anhydrous sodium acetate. The mixture was initially cooled to 
counteract the spontaneous generation of heat, then kept at 40°. After 
about 20 hours, 30 ec. of ice water were added and the azlactone of acetyl- 
dehydroleucyldehydrophenylalanine soon crystallized. It was recrystal- 
lized from acetone by the addition of water as colorless, rectangular plates, 
which, in aggregate, showed a slight brownish tint. Yield, 10.0 gm. 
M.p., 171-173° (corrected). 


C,7H,sO;Ne. Calculated. C 68.4, H 6.1, N 9.4 


993.3 Found oe 5. eo. ee 


a“, 


The azlactone was soluble in ethyl acetate, acetone, and ethanol; very 
slightly so in water. 

The transformation into the free acid was effected by dissolving 10 gm. 
of azlactone in 35 ce. of acetone and adding 35 cc. of N NaOH. After 2 
hours, the addition of 35 cc. of Nn HCl produced a yellowish precipitate. 
It was recrystallized from acetone by the addition of water. Yield, 8.1 
gm. of fine, long needles. M.p., 215-216° (with decomposition) (corrected). 

C,7H2.0O,N Calculated C 64.5, H 6.4, N 8.8 


316.3 Found. “en 7. “6.5. * O68 


Carbobenzoxyglycyldehydrophenylalanyl-l-glutamic Acid—3.0 gm. of glu- 
tamie acid were shaken with 18 ec. of acetone, 18 ec. of 2N NaOH, and 6.85 
gm. of carbobenzoxyglvevldehydrophenylalanine azlactone until a clear 
solution resulted. Upon addition of 36 ec. of N HCI, the carbobenzoxy- 
tripeptide obtained crystallized as colorless rods. Yield, 95 per cent of 
the theory. M.p., 158-162° (corrected). The tripeptide was dissolved 
in 30 ec. of a 4:1 acetone-water mixture and reprecipitated by the addition 
more water. M.p., 177-179° (with decomposition) (corrected). 


Cy4H2,0gN Calculated C 59.6, H 5.2, N 8.7 
. QF 


{83.5 Found - —s. aa 5 


OR 


al; = —29.6° (4.8 per cent, in pyridine). After another recrystalliza- 
28.0°. 


: . 730 
tion, [a] 5 


The closely related peptides glycyldehydrophenylalanine-/-glutamic 
acid, glycyl-l-phenylalanyl-/-glutamie acid, and glycyl-d-phenylalanyl-i- 
glutamic acid have been obtained from chloroacetylphenylserine as starting 
material (1 

Carbobenzoxyglycyldehydrophenylalanylphenylserine—22 gm. of car- 
bobenzoxyglycyldehydrophenylalanine azlactone were added to a solution 
of 12 gm. of phenylserine in 70 cc. of acetone and 68 cc. of N NaOH. The 
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mixture was shaken until a clear solution resulted and then allowed to | o 
stand overnight On addition of 800 ec. of water and 70 ec. of N HCl. th 
an oil formed which crystallized at 0°. The dried material was dissolved | p 
in ethyl acetate and precipitated by the addition of ligroin 26.4 gm. of | s 
carbobenzoxyglycyvldehydrophenylalanylphenylserine were thus obtained, | 
For analysis, the substance was reervstallized from ethanol MI.p., a 
168-170° (corrected 


( H.-OeN ( { C 65.0. H 5.2.N8 
917.5 } 64.8 ) XQ () 
icetylbis(dehydrophenylalanyl)glycine—TVhis acetvlated tripeptide was 
prepared by stirring 4.7 gm. of glycine with 100 cc. of acetone, 62.5 ce. of 
N NaOH. and 20.7 em Ol acetvildehvdrophenvla! rh lle hvd phenvlalanine f; 
azlactone After 3 to 4 hours the clear solution was acidified with 65 ce . 
of N HC] At 0°, 24.5 gm. of the tripeptide ervstallized as | v plates : 
It was dissolved in a mixture of 600 cc. of water and 250 cc. of methanol | y 
by the addition of 12 gm. Of sodium bicarbonate (on ddition ot HC] 4 
and some ether, the peptic ervstallized It was rec! tallized once more 4 
by dissolving it in a mixture of 1 liter of hot methanol and 100 ce. of water . 
On addition of 1 liter of water, 21.7 gm. of peptide were obtained. For i 
analysis, it was dried at 100° and | mm. over P.O : 
( H..ON ( ee S 2 e 
7 Fo 64.7 ». 2 0) 
The acetylated tripeptice begins to discolor at 205 and decomposes com- 
pletely at 216 corrected It is rather sparingly sOlubl In most solvents 
{cetylhis dehydrophenylalanyl)-l-alanin 9.6 gm ol alanine wer 
stirred for 1 hour with 100 cc. of acetone, 63 ce. of N NaOH, and 20.7 ce. of 
acetyldehydrophenylalanyldehydrophenylalanine azlactone. On the ad- 
dition of 65 ee. of N HC, 23.3 gm. of colorless needles vere obtained Chey 
were dissolved in 100 ec. of hot methanol. On the addition of 200 ee. of ' 
water and some ether, there ervstallized at 0 20.5 gm. of the acetvl tri- 
peptide For analvsis if was recrystallized once more M.p.. 215-216 : 
with decomposition) (corrected 
( HesO.N Cal " (C' 65.5. H 5.5. N Il 
121.4 Found 65.8 9.7 
a]? 268.4° (2.3 per cent, in pyridine \ sample which was re- | 
crystallized once more showed [a]? 255.1 This preparation showed 
at a lower temperature als 282.9 
Acetyliis(dehydrophenylalanyl)-l-leucine This peptide was obtained 


from 4.2 gm. of /-leucine, 85 ec. of acetone, 35 ec. of N NaOH, and 11 gm. 
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ed to | of acetvldehydrophenylalanyldehydrophenylalanine azlactone. On addi- 
HCL | tion of 36 cc. of N HCl to the resulting solution, 15.1 gm. of peptide were 
olved | precipitated as creamy white rods. It was twice recrystallized by dis- 
m. of | solving it in 1.2 liters of boiling 95 per cent ethanol and adding to this 
ined. | solution 3 liters of water. M.p., 235-236° (with decomposition) (corrected), 


\I.p., | after sintering from 225”. 


CopHopOsN Calculated C 67.4, H 6.3, N 9.1 





163.5 Found * 2° Sa” 6 
hy 245.2° (2 per cent, in pyridine). After another recrystalliza- 
tion | > 245.6%. 
was For acetyldehydrophenylalanylleucine, no rotation was given by 
be A Behrens ef al. (4). For an analyzed preparation, there has now been 
nine | found fa]® +36.9° (2.5 per cent, in pyridine). A sample which was 
re reervstallized once more showed [a]® = +37.2°. 
ites Acetylbis( de hudrophe nylalanyl -l-phe nylalanine 5.3 gm. of l-phenylala- 
inol | nine were stirred with 85 ce. of acetone, 34 ec. of N NaOH, and 11 gm. of 
HCL | acetyldehydrophenylalanyldehydrophenylalanine azlactone. At 30°, the 
. azlactone dissolved in } to 1 hour. After another hour, the solution was 
cooled and acidified with 35 cc. of N HCl. The acetyl tripeptide crystal- 
ol lized at onee. Yield, 15.6 gm. It was dissolved in 1.7 liters of hot 90 
per cent ethanol and reprecipitated by the addition of water. Yield, 14.0 
gm. M.p., 229-230° (with decomposition) (corrected), after darkening 
from 216° on. 
CooHy7O,N ulated. C 70.0, H 5.5, N 8.4 
Nt 197.5 Found 69.9, 5.5 ; 
ifs 
| ~ 172.2° (5 per cent, in pyridine). Another preparation showed 
: J = —171.6 
' {cetylbis(dehydrophenylalanyl)-l-tyrosine—To a suspension of 11.6 gm. 
ee f /-tvrosine in 170 ee. of acetone, were added, with stirring, 68 ec. of 
s xv NaOH and then, 22 gm. of acetyldehydrophenylalanyldehydropheny!l- 
S ilanine azlactone. After 5 hours stirring at 30°, the mixture was filtered, 
6 the filter repeatedly washed with water, and the combined filtrates acidified 
by the addition of 70 ce. of N HCl. At 0°, 26.4 gm. of crystals separated. 
They were dissolved in 100 ec. of hot methanol, the solution was filtered, 
ind 400 ec. of water and 200 ee. of ether were added to the filtrate. The 
peptide crystallized at 0 \M.p., 172-173.5° (with decomposition) (cor- 
. rected 
(d CooHs7O.N3-4H.O. Calculated. C 66.6, H 5.4, N 8.0, H,O 1.7 
522.5 | Found “ 66.4, “ 5.6, 7.9, “ 1.7 
d al 137.1° (2.1 per cent, in pyridine). The preparation was re- 
. erystallized once more. [a]?” 133.6°. 
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Acetylbis(dehydrophenylalanyl)-l-proline—12 gm. of l-proline were dis. 
solved in a mixture of 100 cc. of acetone and 108 ec. of N NaOH and, after 
addition of 34.7 gm. of acetyldehydrophenylalanyldehydrophenylalanine 
azlactone, stirred for an hour. On addition of 110 ec. of N HCl, an oil 
separated which soon crystallized. Yield, 43 gm. For recrystallization, 
the product was dissolved in 200 ec. of methanol and 200 ec. of water wert 
added. At 0°, 38 gm. of needle-shaped crystals were obtained. M_p., 
203-204° (with decomposition) (corrected). For analysis, the substance 


was dried at 78° and 0.05 mm. over anhydrous CaSO, 


{ H..O.N Calculated C 67.1,H 5 6, N 9.4 


147.4 Found “ 66.7, “ 5.6, 9.5 


a]! +60.6° and aly +50.6° (2 per cent, in pyridine). Another 


preparation gave |aly +45.5 

In a previous communication (Behrens ef al. (4)), acetyldehydrophenyl- 
alanyl-/-prolir e was described. The rotation of this substanee has novw 
been determined. For two preparations the values [a]}? +79.9° and 
[a]? +80.5°, respectively, were found. 
bis(dehydrophenylalanyl) phenylserine—18 gm. of trans-phenylserine 


with 150 ee. of acetone, 100 ec. of N NaOH. and 33.2 


Acety 
were stirred at 50 
gm. OF acety Ide hvdropheny lalany ldehydrophe n\ lalanine azlactone. Afte 
1 to 2 hours, the clear solution was cooled and acidified with 105 ce. of 
n HCI On standing at 0°, the acetylated tripe ptide crystallized Yield, 
14.5gm. For analysis, a sample was recrystallized several times from hot 


90 per cent ethanol by the subsequent addition of water and dried at 120 


and 1 mm. over anhydrous CaSt Ms M.p., 223-225 with decomposition 
| 


Corl rected 


icetylbis(dehydrophenylalanyl)-l-glutamic Acid—This substance was pre- 


; 


pared by employing 30 gm. of /-glutamic acid, 450 ec. of acetone, 110 ec. of 
N NaOH, and 66.gm. of the azlactone of acetyldehydrophenylalanylde- 
hydrophenylalanine. After 2 hours stirring, 415 ec. of N HCl, 100 ce. of 
ether, and 350 ec. of water were added to the clear solution Yield, 90 
gm. For purification, the substance was dissolved in methanol and 
precipitated by the addition of water and ethe1 The long, colorless needles 


melted at 209—210° (with dec mposition) (corrected 


[a]~ 182.4 After recrystallization, fa]} 


182.6 


Bis(acetylde hydrophenylalanyl =” ystine A suspension of 6 gm of [- 
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cystine in a mixture of 20 ce. of acetone and 25 cc. of water was stirred with 
52 ec. of N NaOH and 9.5 gm. of acetyldehydrophenylalanine azlactone for 
about 5 hours. After filtration and the addition of 30 ec. of water and 55 
ec. of N HCl, the peptide crystallized as colorless microscopic needles. 
Yield, 14.3 gm. For recrystallization, the peptide was dissolved in 80 ce. 
of hot 65 per cent methanol and precipitated by the addition of water. 
M.p., 212—213° (with decomposition ) (corrected). 

CisHj0OsN«S2. Calculated. C 54.7, H 4.9, N 9.1, 8 10.4 

614.7 Found 2A, £6," Vs” See 


fa] = —19.5° (2 per cent, in pyridine). After another recrystal- 
lization [a]?* was —19.0°. 

Azlactone of Acetylbis(dehydrophenylalanyl)dehydrophenylalanine—20 gm. 
of acetylbis(dehydrophenylalanyl)phenylserine were treated with 50 ce. 
of acetic anhydride and 2 gm. of sodium acetate for 2 days at room tem- 
perature. 50 cc. of ice water were added. After the mixture had been 
kept at 0° for 24 hours, the yellow azlactone of acetylbis(dehydrophenyl- 
alanyl )dehydrophenylalanine was filtered. Yield, 18 gm. The azlactone 
was recrystallized several times by dissolving it in 1.25 liters of boiling 
acetone and precipitating it by the addition of 900 cc. of water. Yield, 
11.5 gm. M.p., 233-235° (with decomposition) (corrected). 


2.9, H 4.8, N 8.8 


Co9H2,0,N;. Calculated C7 
177.5 Found. iaa:”6 6a” oe 


Acetyltris(dehydrophenylalanyl)-l-phenylalanine—10.6 gm. of /-phenyl- 
alanine from hemoglobin (13) were suspended in 200 ec. of acetone. 70 
ec. of N NaOH were added with stirring and subsequently 31.6 gm. of 
acetylbis(dehydrophenylalanyl)dehydrophenylalanine azlactone. After 1 


to 2 hours stirring at 40°, the solution was cooled, and 73 ec. of N HCl and 
50 ec. of ether were added. Crystallization soon started. Yield, at 0°, 
29.4 gm. The vellow substance was heated with 250 ec. of absolute 
alcohol, an undissolved yellow substance filtered off, and the filtrate diluted 
with 1 liter of water and some ether. The tetrapeptide crystallized in 


four-sided platelets. After a second recrystallization, it was colorless 
and weighed 19.5 gm. The peptide turns yellow at 172-173° and melts 
to a viscous half solid mass which decomposes completely at 201-202° 
corrected). 

CysHyOeNy. Caleulated. C 71.0, H 5.3, N 8.7 

642.7 Found.  facks Oa oe 


la]; 36.3° (2.3 per cent, in pyridine). After another recrystal- 


lization fal’ was —35.4 


Acetyltris(dehydrophenylalanyl) phenylserine—To a solution of 20 gm. 
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of trans-phenylserine in 450 ec. of acetone, 50 ec. of water, and 110 ce. of 
N NaOH, 48 gm. of the azlactone of bis(de hvdrophenylalanyl )dehydro- 
phenylalanine were added, and the mixture was stirred at 50°. After 9 
hours the material, which contained large amounts of orange needles, was 
cooled and acidified by the addition of 110 ec. of Nn HC] Yield, 60.5 gm 
The substance was dissolved in 250 to 300 cc. of methanol, some undis- 
solved part filtered off, and the filtrate mixed with 750 cc. of water and 250 
ee. of ether. The crystals obtained were recrystallized a second time in 
the same manner (56 gm.), and subseque ntlv twice dissolved in a hot 1:] 
mixture of ethanol and ethyl acetate, and crystallized by the addition of 
petroleum ether. Yield, 36 gm. of six-sided platelets, melting at 199 
with decomposition) (corrected). The air-dry substance was analyzed 
CssH3,O7N,-H.O. Calculated. C 67.4, H5.4,N8 


676.7 Found ‘$67.2 5.3 8 


An attempt to determine the water of ervstallization and to inaly ze the 
anhydrous substance gave somewhat ambiguous results The exact com- 
position Ol the air-dry substance can therefore not be re garde d as definitely 


ascertained. 


{elactone of Acetyltris de) ya ophe nylalanyl\dehyd phenylatanine | he 
azlactone was obtained by shaking 25 gm. of the corresponding tetrapep- 
tide of phenylserine described above with 75 cc. of acetic anhydride and 
2 om. of anhydrous sodium acetate After 24 hours, 75 « Of ice water 
were added. The mixture was kept for several hours at 0 The filtered 


azlactone was then recrystallized from 850 ec. of acetone | the additior 


of water. Yield, 21 gm After a second recrvstallization, the azlacton 


melted at QAT 249 with decomposition corrected 


CraHicO.N:. ( C7 H4.8,N9 
622.6 | I 13.2 5 R 7 
Bis act tyld h ydrophe fi jlalan jldel ja ophe ny alany -(-CYUSt2? 12 vin Ol 
l-ceystine were stirred with 200 ec. of acetone and 110 ec. of N NaOH After 


a short while, 33 gm. of acetvldehydrophenylalanyvldehydrophenylalanin 
azlactone were added After 2 to 3 hours, the solution was filtered and 
120 ec. of N HCl were added followed by some ether. Soon colorless 
crystals separated. Yield, 43.4 gm. For reerystallization they wer 


dissolved in | mixture Oo! 500 ex ot wate! and 150 e QO] aleohe | with the 


addition of 25 gm. Ol NaHCOs. The filtered solution was fter the add- 
tion of ether, acidified with HC] Yield, 41.3 g1 \L.p., 209-211 cor- 
rected 

( HON .8-:2H-O ( culated C§5R 8 HS 1N8.9.868 

4 I ss 4 >. x { w 
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P 30 o<« 120 . < ° ° ae one 
aly $2.3° and [a], = 86.1° (2 per cent, in pyridine). These 
values were obtains d with the same solution. In another sample, [a] 3? 


was —82.6 
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It was reported previously on the basis of arteriovenous differences that 
the lactating mammary gland of the normal cow utilizes B-hydroxybutyric 
acid (Shaw and Knodt (1 Later, Shaw (2) reported that the utilization 
of this substance by the mammary gland increased more than 100 per cent 
in ketosis when the blood 8-hydroxybutyrice acid was abnormally high. As 
ich as 37 per cent of the oxygen consumption of the gland of the normal 


mi 
In 


cow could be accounted for by the oxidation of 8-hydroxybutyrie acid. 
ketosis the utilization of this substance was so great that practically all of 
he oxvgen consumed by the mammary gland could be accounted for when 


was postulated that the 8-hydroxybutyrie acid was oxidized by the 


nammary tissue for energy purposes. 
The object of the experiments reported in this communication was to 
scertain whether the foregoing findings could be confirmed by a different 
In addition it was desired to determine whether the large utiliza- 


method 
butvrie acid observed in ketosis would occur when there 


tion of 8-hvdroxy 


was a normal quantity ol glucose in the blood. 


EXPERIMENTAL 

The experiments were carried out on bovine mammary glands perfused 

with blood according to the technique described by Petersen, Shaw, and 

Visscher (3). Chlorazol fast pink was used as an anticoagulant. 2 to 10 

gm. of sodium 8-hydroxybutyrate! were added to the blood at the beginning 

of each experiment. Acetone bodies were determined by the method of 
Jarnes and Wick (4), and blood oxygen was determined by the method of 
Van Slyke and Neill (5). 

Nine perfusion experiments were conducted in which sodium $-hydroxy- 
butyrate was added to the perfusate at the beginning of the perfusion. In 
each experiment the blood was analyzed for acetone bodies at the beginning, 
after the addition of the 8-hydroxybutyrate, and at the end of the experi- 


1 The racemic salt was kindly furnished us by Dr. R. H. Barnes of the University 


of Minnesota. 
639 
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ment to determine the total uptake of acetone bodies by the gland. The 


blood glucose was maintained at or in excess of 40 mg. per cent by the addi- 
tion of a 50 per cent solution of glucose from time to time during the per- 
i} 


fusion, the amount added being estimated by the rate of blood flow throug] 


Li cll 


the gland 


Che results are s irized in Table | In the nine « eriments there 
Vas I erage ) Ke 2080.4 gy. Ol hvdre acid bv the 
glands Phe Ol nsisting ol etone and acetoace cid Was ap 
parent! not utilized \ COoOnsidag Lie Od I I ( vbutvrate was 
idded ti Y t the beginning ( pel it is to be 
expected that he tvrate | ffuse into the man 

: 
y H iy » @ 
" 7.77 7. 7 7 
_ 7 502 8 { 7é ~ 4 
é +t ri 4 i £.é Z fh 
25.39 i2 ‘ 17 2 9 l 
20 2 is 2 7 
Zt Z +4 Z 202 lf 
6.65 7 05 
54 8181 28 OM 04 ) 

\ 0.98 29.4 7 
I L! 1 “Sit i i ‘ Tit nethne the ! ~ ietua 
being utilized he nd ! sues, the « d used in 
Perfusion 131.1] . erated 1 lint x the perfusior 
und eighed aliqu zed te etone bodies I} ( d tissu 

immersed in a dilute acid solution ite eighing, to prevent further 
bre ikdown of thie hvdro mut lt wld OV enZvn th iCTILO! The total 
acetone hod ntent ol thie gland it thre nad ot the peri <1oOn calc tlated as 
8-hvdro 197.7 mg Phe li ion of B-h 
droxvbutyric acid by the pe ed gland = theretore 1107.7 mg 

\ more complete balance study v then made in which the total oxvgen 
consumption of the gland s also determined. The left half of the udder 
was separated from the right half just before the beginning of the perfusion 
and immediately weighed and macerated and an aliquot immersed in 4 


dilute acid solution. At the end of the perfusion the perfused half was 
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treated in the same fashion. The total acetone bodies per gm. of tissue 
expressed as §-hydroxybutyrie acid) were then determined on the two 
aliquots. Assuming that the concentration of 8-hydroxybutyric acid per 
gm. of tissue in the right gland at the beginning of the perfusion was the 
same as that of the left gland which had been analyzed, it was possible to 
determine the quantity of 8-hydroxybutyric acid which had been metabo- 
lized by the gland during the perfusion. Sufficient 6-hydroxybutyrate was 
added at the beginning to maintain a relatively high concentration of this 
substance in the blood during the entire perfusion, the concentration being 


TABLE II 
Per Cent of Oxygen U ptake Accounted for by B-Hydroxybutyrate Burning by Mammary 
Gland Perfused with Blood Containing Added B-Hydrozybutyrate (Perfusion 154) 


Oxygen utilization 


Tin Volume of blood through 
gland 
Total 
min ce vol. per cent ce. 
15 6,315 3.56 222.8 
20 8,150 6.25 509.4 
20 8,575 6.34 543.7 
10) 17,075 5.69 971.6 
1() 18,124 6.14 1112.8 
10) 27 , 500 1.6] 1267.8 
175 4628.1 
3-Hydroxybutyric acid at beginning, blood, mg 6544.0 
tissue, ** 132.8 
end, blood, mg 2240.0 
tissue, “* 205.8 
total utilization, mg $231.0 
Assuming 8-hydroxybutyrate burning, total oxygen required, cc. 4104.0 
oxygen consumed needed, % 88.7 


81.8 mg. per cent at the beginning and 28.0 mg. per cent at the end of the 
experiment 

The blood flow was measured at 5 minute intervals. The oxygen utiliza- 
tion was determined at the intervals noted in Table II. The blood flow 
vas remarkably constant during the greater part of the perfusion. The 
oxygen uptake was also quite uniform, except at the very beginning and 
near the end of the perfusion. The blood was not completely oxygenated 
at the beginning, and as a result the oxygen uptake was relatively small 
during the first few minutes. Toward the end of the perfusion the blood 
flow increased, and the oxygen uptake per unit of volume of blood de- 
creased. 


An important question arises as to the percentage of the total oxygen 
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consumption of the gland that can be accounted for by 8-hydroxybutyrie 


acid loss. From the balance studies shown in Table I, it will be seen that 


the utilization of 8-hydroxybutvric acid is quite large when there is a con- 


siderable concentration of this substance in the blood The complete 


balance study presented in Table II shows that in this experiment 88.7 
per cent of the total oxygen consumption can be accounted for by 8-hy- 
droxybutyriec acid utilization, assuming that it is oxidized for energy 
purposes and that 1.0 mg. of 8-hydroxybutyric acid requires 0.97 cc. of 


oxvgen [ol complete combustion 
DISCUSSION 


The studies on the acetone body metabolism of the perfused gland con- 


firm the findings that the lactating mammary gland utilizes 8-hydroxy- 


butvrie acid Likewise the data are in agreement vith the findings ot 


that the gland of the cow exhibiting ketonemia used much mor 
and that the utilization 


Shaw (2 


8-hvdroxvbutvrie acid than that of the normal cow 
I consumed by the gland 


is sufficient to account for most of the oxygen 
\s the hlood glucose Is quite low In ke TOSIS 1Nn cattle . t} ere WAS a nossl- 


bility that the increased utilization of 8-hydroxvbutvrie acid in ke 


OSIS WAS 
due to the failure of the gland to obtain sufficient glucos lor energy pur- 
ind in large 


poses and that 8-hvdroxvbutvrie acid would be used by the 
quantitie s only when there was a deficiency of glucos« Chere was also th 
alternate possibility that 8-hydroxybutyric acid was oxidized in preferences 
to glucose and when present in large quantities would result in a decreased 


utilization of glucose by the gland However, Sha 6) was unable to 


detect anv decrease in the utilization of glucose by the mammary gland of 


the cow with ketosis It was suggested 2). therefore, that the mammary 
gland of the normal cow oxidizes other fat in addition to 8-hvdroxybutvri 


f B-hvdroxvbutvrie acid in 


acid and that the increase in the utilization o 
t vas accompanied by a decrease in the oxidation of other fat Since 


ketosis \ 


the gland continues to obtain its normal supply of glucose in ketosis, it 
appears unlikely that the large increase in the utilization of 8-hydroxy- 
butyric acid in ketonemia is due to the oxidation of this substance in prefer- 
ence to glucose Likewise it appears improbable that the increased utiliza- 
tion is the result of hypoglycemia. The latter observation is substantiated 
by the data in Tables I and II which show that the gland utilizes 8-hydroxy- 


butvrie acid in excess of normal even when the blood glucose is maintained 


at a high level 


It is, of course, possible that re hydroxy butvric acid is used in direct 
svnthesis This possibility has been examined by Shaw « ta 7 . with a 


ne gative conclusion 
The bulk of the evidence is believed to favor the suggestion that B-hy- 
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droxybutyric acid is oxidized by the gland for energy purposes and that the 
gland of the normal cow also oxidizes other non-carbohydrate substances 


for energy purposes. 


SUMMARY 


1. Added 8-hydroxybutyrate is utilized by the perfused bovine mammary 
gland. 

2. The quantity of 8-hydroxybutyric acid metabolized by the gland, per- 
fused with blood containing large quantities of this substance, is consider- 
ably in excess of that utilized by the gland of the normal cow and is not 
dependent upon a low blood sugar level 

3. As much as 88 per cent of the oxygen consumption of the perfused 
gland may be due to 8-hydroxybutyrate burning when the concentration of 


the latter substance is maintained at or above 28 mg. per cent. 
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It has been shown by Field, Melnick, Robinson, and Wilkinson (1) 
that a satisfactory measure of nicotinic acid nutrition will probably 
require the inclusion of a nearly quantitative method for the estimation 
of trigonelline, since a major portion of excreted nicotinic acid is generally 
found as the betaine. 

There have been recorded but few reactions offering promise as tools 
for the estimation of the small concentrations of trigonelline found in urine. 
The types of treatment which have been investigated for analytical 
purposes include oxidation (2), alkaline treatment followed by reaction 
with evanogen bromide and an amine (3, 4), miscellaneous color reactions 
5-7), demethylation and estimation of the released nicotinic acid, and 
alkaline treatment followed by condensation with an amine (8). 

A logical reaction to apply would seem to be the standard alkimide 
determination (9) followed by the cyanogen bromide estimation of nico- 
tinie acid (3). On pure trigonelline we have been able to secure recoveries 
f over 90 per cent of trigonelline, as nicotinic acid. Recoveries of trigonel- 
line added to urine, however, were not satisfactory. 

The color reaction based on alkaline treatment of trigonelline solutions, 
which has been described by Kodicek and Wang (8), appeared to be quite 
adaptable to routine clinical use. Following the directions described, 
we did not secure consistent results, however, and found it necessary to 
modify the procedure in several ways. These modifications have resulted 
in simplification, a saving in time, and relatively precise analyses. 

In the procedure of Kodicek and Wang, the material containing trigonel- 
ine is heated in alkaline alcohol to yield methylamine as one reaction 
product. The remaining product condenses with any of various amines 
to give the dye which is employed as a measure of the trigonelline present. 
When the ethanolic method was employed in this laboratory, we found 
that the strong aqueous sodium hydroxide caused separation into two 


*The expenses of this investigation were defrayed by The Upjohn Company, 
Kalamazoo, and the Horace H. Rackham School of Graduate Studies, University 
f Michigan, Ann Arbor 

t Upjohn Company Fellow. Present address, Research Department, F. E. 
Booth Company, Inc., Emeryville, California. 
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phases. It seemed likely that this might serve as a primary source of 
the inconsistent results which we obtained. Other solvents were therefor 
tried rhe color did not develop normally when water was th only 
solvent \lethanol. used as deseribed in the experinme ntal section, was 
found to vield a monophasic reaction medium. This aleohol resembled 


+ 


ethanol rather than wate In promoting the formation of the chromogenic 


degradation product An added advantag of this medium is that the 


inating the 


final, neutralized sample seldom exhibits any color, thus el 


ise of charcoal and its attendant effect upon reproducibility (4 
Che need for sulfate removal as practiced when benzidine is emploved 
is the react ng amine was also avoided, Of a number of amines tested 
unde comparable conditions diantsidine ind pP iminoacetannlide showed 
as great or greater sensitivity Furthermore, they did not precipitats 
th sulfate 
\t the concentrations at which measurements of trigonelline are made jr 
the diluted urines, the photometric intensity-concentration curve approxi 
tes as ot ! Such curves ere determined I oer OF urines 
nd on rie mple s selected fo n extended study of this 
sort The curves e presented in Fig. 1 It is likely that the ilue | 
the photometric intensity relative to the concentration decreases at con 
centrations higher than those tested Phis belief is sul ntiated by w 
successiul experiments (¢ irried out witl he 1) POs { Cpa ng an 
isolating cl 1 Zation the ct | pigment oO} ] 
EXPERIMEN 
eT l f | | Ir Lhe tests LU uv g nelline icld 
ilfate (10) w LISS ed in 4 i wate ind 16 « ( hanol wer 
idded lo this we ided 4.2 ¢ 1) per cent sod hvdroxide solu 
tion and the ture is refluxed for hal n hou olution ¥W 
then cooled and ne ized to pH 7 0.5) with Alkac er as ind 
eator, diluted t ter witl it nd filtered. To 10.0 vortions 
was added 1.0 « olution of each of the at sted below mad 
up to a nearly s ed solution in 5 per cent hvdrocl wid \ 
amines were | n products hos ed p noacetanilid 
p-aminoacetophenone, 1l-aminobenzimidazole, —p nobenz cid, p 
iminoben yhenone, l-amino-2-naphthol, 2 1no-4-1 ophenol, a-amin 
Dp line, benzidine, cresidine, dianisidine, sul ie line, al 
p-toluidine Che intensities of color developed were read on the Evelv1 
photoelectric colorimet« 11) through Filte 20. Diar line prove 
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Dilute hydrochloric acid. 10 ee. of concentrated HCl are made up to 
900 cc. with water. 

Methanol. Du Pont synthetic methanol was employed. 

Dianisidine solution. 2 gm. of dianisidine, previously twice recrystal- 
lized from ethanol, are dissolved in 100 ee. of acetone and 300 ee. of 1.8 





per cent hydrochloric acid. 

Standard trigonelline solution. 191 mg. of trigonelline sulfate (10 
| are mad up to 2000 ec. with water containing one-fifth volume of methanol. 
The me thanol serves to inhibit bactel ial and mold growth. 


Procedure In each of two 125 ec. Erlenmeyer flasks are placed 2.50 ee. 


of the urine To the test sample 2.50 ce. of water are added, while 1.0 ce. 
of standard trigonelline solution plus 1.50 ee. of water is added to the re- 
wery sample 15 ee. of methanol and 5.0 ec. of 40 per cent NaOH 
solution are added to each. The solutions are refluxed for 30 minutes 
inde} cond nsers W ith affixed soda lime tube S. The flasks are the n cooled 


and the contents transferred to 50 ce volumetric flasks. 5 ee. of water 
ire now : dded to each volumetric flask The Erk hnmevyer flasks are rinsed 
with methanol and the rinsings also added. The pH is adjusted to 8 
ith concentrated 11 I Cure bye Ing taken not to allow the solution to 
become acid The volume is made up to 50.0 ec. with methanol. From 
each sample two 9.0 e¢ portions ol clear liquid are pipetted into two pho- 
telometer tubes and 1.0 ee. of dianisidine solution is added to one: to the 
ther, which serves as a blank, 1.0 ee. of 1.8 per cent HCl is added. The 
ntents of each tube are thoroughly mixed. The companion blank is 
sed to set the instrument at 100, and the tubes containing dianisidine 


e read at 10 minute intervals (Filter 520) until a maximum intensity of 


The difference between the two ZL! values for the recovery sample and 
the analyzed sample is divided by 10 (the number of micrograms ol trigonel 
ne added to the recove ry sample to give kK, ‘The content of the measured 
action of the original sample of urine is then equal to its L value divided 
the ealeulated A Che amount of trigonelline in the original 2.50 ee. 
sample is then 50/9 times this latter amount. 
It is necessary to determine the A each time since it varies for different 
ines and from the values in aqueous solution 
The color of a blank without urine but including methanolic alkaline 
treatment cooling, neutralization, and addition Ol dianisidine solution 


was tested against a tube containing water, used to set the instrument at 


UU Che readings on two such samples were 100 and 102, indicating ab 
sence of reagent color For each determination, a blank can therefore be 
17, is ar gous to optical densitv as measured on spectrophotometer and cor 


quantity (2 log G), in which G is the galvanometer reading 
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simply prepared from the diluted, treated urine without added dianisidine, 
as described above. With few exceptions, these blanks behave in the 
photelometer in the same way as an equivalent volume of water. The 
dianisidine solution gradually develops a color. After several weeks it 
becomes necessary either to correct for this color or to employ a fresh 
solution. 

As a measure of precision of the method, three groups 
One pooled urine was employed for sampling 


Precision 
of four analvses were run. 
in each group. The following per cent standard deviations were ob- 
tained, +4.7, +3.9, +8.0. 
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Fic. 1. Degree of deviation from the Bouguer-Beer law of six urine samples 
Each line represents the ave! ige of the slopes A corresponding points 


It is possible for one person to run sixteen samples, including eight 
recovery samples, in a standard working day. 

Validity of Bouguer-Beer Law—An experiment was first conducted with- 
The described procedure was followed, except for the amounts 
The solution of trigonelline contained twice as 


out urine 
of added trigonelline 
much as the standard, and 0.50, 1.00, 1.50, and 2.00 ec. were added 
Instead of urine, each flask contained 2.50 ec. of 1 per cent urea solution 
for its buffer effect during neutralization. For 10, 20, 30, and 40 y ol 


trigonelline there wert obtained, respectively _for A 0.0227. 0.0206, 0.02158, 


and 0.0194. 
The results on six urinary samples are recorded in Fig. | 
Kodicek and Wang found N-methylpyridinium hydroxid 


Specificity 
Of a number of other compounds 


to give the same color as trigonelline. 


tested in this study, only dextrose, in the presence of urea, interfered. 
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Dextrose is, of course, structurally remote from trigonelline. It is likely, 
however, that the fundamental color reaction involves formation of a 





Schiff base, and the ubiquitous dextrose might be expected to give alde- 
| hydes in the alkaline treatment. Dextrose solutions were accordingly 
| run through the described procedure. The color values which are pre- 
sented in Table I indicate a limitation of the analysis in the case of food- 
stuffs and diabetic urines. 

The other compounds tested included nicotinurie acid, nikethamide, 
a-picoline, nicotine, caffeine, Neo-iopax, Diodrast, betaine, choline, 
thymol, urea, pyridoxine betaine, and the methylated nicotine of Pictet 
and Genequand (12). The last two compounds were of interest as con- 
ceivable excretion products of pyridoxine and nicotine, respectively. The 


TABLE | 


Color Value of Dextrose Solutions of Various Concentrations 


The color is expressed as the number of micrograms of trigonelline per 2.5 cc. 
: » « ] ale it 
Dex Color vaiue 
san a 
I i) 
2 13 
3 24 
{ 71 


negative behavior of the pyridine compounds in this procedure is in con- 


trast to the activity of such substances with cyanogen bromide (3, 4). 


SUMMARY 


Factors operating in the estimation of trigonelline by alkaline treatment 
have been isolated and studied, and there has been evolved a simplified 
procedure for obtaining relatively highly reproducible results. Methanol 
was found to be a solvent which permits the reaction to be carried out in a 
single phase. The blank color is thereby diminished, and decolorization 
by the use of charcoal is eliminated. Dianisidine was found to be an amine 
condensing to give a dye of high sensitivity. Dianisidine is also usable 
without previous removal of sulfate ion. The specificity of the funda- 
mental reactions has been studied and dextrose has been found to inter- 
lere in determinations by this method. 
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THE SYNTHESIS OF NICOTINURIC ACID* 
By SIDNEY W. FOXT ann HENRY FIELD, Jr. 
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In obtaining compounds for the study of nicotinic acid metabolism (1), 
t was apparent that a convenient method for preparation of nicotinurie 
wid (nicotinylglycine) was needed. Although one synthesis has been 
reported (2) for this vitamin metabolite (3), the intermediate nicotinyl 
chloride is troublesome to obtain and purify (4, 5). 

The method developed for this work proceeds from the readily purchas- 


ible nicotinamide. 


C;H,N—CONH, + NH.—NH,2 — C;sHs4N—CONHNH, (I) 
C;H,N—CONHNH; + HNO; — C;sH,N—CON; [I) 
C,;H,N—CON,; + NH.CH.COOH — C;H,N—CON HCH,COOH IIT) 

An analogy to Reaction I is found in the preparation of benzoyl hydra- 
zide (6). Reaction II has been previously recorded (7) and Reaction III 


; similar to such condensations with hippuryl azide (8). 

In order to effect a reaction between nicotinamide and hydrazine, it 
vas necessary to employ concentrated solutions. 0.1 mole, 12.2 gm., of 
nicotinamide and 12 gm. (0.1 mole) of 42 per cent hydrazine hydrate 
solution were refluxed for 6 hours. The solid which separated on chilling 
vas recrystallized from 10 ce. of aqueous ethanol (4 volumes of ethanol 


» 6 volumes of wate In two runs there resulted 5.9 and 7.3 gm. of 





nicotinv! hvdrazide, melting at 158-159”. 

In order to convert the hydrazide to azide, 4.1 gm. (0.03 mole) of hydra- 
zide, 12.0 ec. (0.06 mole) of 5 Nn HCl, and 30 ec. of water were chilled and 
treated with a solution of 4.1 gm. (0.06 mole) of NaNQOz in 10 ec. of water 
slowly, with shaking, in an ice bath. The reaction mixture was extracted 
vith four 50 ce. portions of ether, the ether extract washed thrice with 
10 per cent NasCOs solution, twice with water, dried with CaCle, and the 
ther evaporated at the water pump. A sample of the residual solid 
melted at 48—49°. 


This was shaken with a little water and added portionwise with stirring 


*The expenses of this investigation were defrayed by The Upjohn Company, 
Kalamazoo ind the Horace H Rac kham School of Graduate Studies, University 
f Michigan, Ann Arbor 

t Upjohn Company Fellow. Present address, Research Department, F. E. 
Booth Company, Inc., Emeryville, California. 
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and cooling to a solution of 2.25 gm. (0.03 mole) of glycine in 60 ec. of | 
~ NaOH solution. This was then filtered, acidified, and immediately 
concentrated under reduced pressure in a water bath at 50°. When solids 
separated, the mixture was chilled and filtered There was obtained 
0.81 gm. melting at 238-241° with decomposition 

Recrystallization gave 0.65 gm. melting at 242-244° with decomposi- 
tion. The equivalent weight by titration was 180.5 (theory, 180). A 
be obtained 





further quantity of nicotinurie acid of inferior purity could 


from the original mother liquor. 
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QUANTITATIVE STUDIES OF THE COMPOSITION OF 
GLOMERULAR URINE 


XV. THE CONCENTRATION OF SODIUM IN GLOMERULAR URINE 
OF NECTURI* 
By P. A. BOTT 
From the Laboratory of Pharmacology, University of Pennsylvania, Philadelphia, and 


the Laboratory of Physiological Chemistry, Woman’s Medical College of 
Pennsylvania, Philadelphia) 


Received for publication, December 19, 1942) 


The results of a long series of experiments (1) have established the fact 
that the glomerular fluid of amphibia has the characteristics of an ultra- 
filtrate of plasma and that this fluid is modified in its passage along the 
tubule by reabsorption of water and solutes and by addition of some sub- 
stances by the tubule cells. Although important information has been 
obtained concerning the acidification process from the studies of total 
molecular concentration (2), pH (3, 4), and ammonia (5), direct quantita- 
tive examination of the fixed bases would be of considerable value in 
exploring the réle of the kidney in acid-base balance. Accordingly, begin- 
ning several years ago, work has been in progress at intervals on the deter- 
mination of these elements in appropriate quantities. This paper describes 
an ultramicro colorimetric method for sodium and its application in a com- 
parison of the sodium contents of serum and glomerular fluid in Necturi.' 


Analytical Method? 


Sodium is precipitated as sodium zinc uranium acetate as in the Butler 
and Tuthill application (7) of the method of Barber and Kolthoff (8). The 
precipitate is washed with a solution of magnesium uranium acetate satu- 
rated with sodium magnesium uranium acetate. This reagent was used 
by Blanchetitre (9) for the precipitation of sodium but was chosen here 
as a wash fluid because it is an aqueous solution free from zine in which 
the precipitate of sodium zine uranium acetate is fairly insoluble. After 
being washed with alcohol and ether, the precipitate is dissolved in water 


* The expenses for this investigation have been defrayed in part from a grant by 
the Commonwealth Fund of New York to the University of Pennsylvania for the 
study of kidney function. Reported in part before the Physiological Society of 
Philad Iphia on Nov mber 17, 1942 (Am. J. Med. Sc . in press). 

' Analyses for sodium in two samples obtained from the tubules of rat kidneys have 
been reporte d (6 

* The method may be used satisfactorily for samples of the size used in the gravi- 
metric method and modifications could be made for samples of smaller size. 
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and analyzed for zinc by means of the red color developed with diphenyl- 
thiocarbazone. This colorimetric method, used by Deckert (10) for the 
determination of zinc in biological materials, has been applied here photo- 
electrically. 

Reagents 

1. Zine uranium acetate reagent prepared according to the directions 
of Butler and Tuthill (7). Several cc. of the reagent are filtered through 
quantitative filter paper before use. 
2. Magnesium uranium acetate reagent prepared as described by 


Blanchetiére (9). Several ec. of reagent are filtered through quantitative 


filter paper before use. 


3. Pure 95 per cent alcohol. 
1. Ether, redistilled. 
5. Water, redistilled. This should be redistilled from an all-Pyrex still. 


6. Sodium hydroxide, 0.01 N, carbon dioxide-free, made up in redistilled 


water. 

7. Diphenylthiocarbazone solution, prepared immediately before use in 
the following manner. 100 mg. of diphe n\ Ithiocarbazone (preferably Iast- 
man) are shaken for 3 minutes in 5 ec. of sodium hydroxide solution. This 
is done in a small glass-stoppered bottle or flask, the ground parts of which 
have been coated with a thin layer of paraffin. The excess reagent is 
filtered off through quantitative filter paper which has been washed in 
redistilled water and dried before use. If the Eastman product is used, 
1 volume of the filtered reagent is diluted with 4 volumes of sodium hy- 
droxide solution Our experience has been that the intensity of color 
deve loped with zine varies greatly with the brand and lot of ré agent. The 
saturated solution of some brands may be used directly after filtration, 
while others will not develop sufficient color to be used in these analyses. 
s prepared by 


8. Zine standards. Pure sodium zine uranium acetate 
precipitating the sodium of pure sodium chloride with the Butler-Tuthill 
reagent. 0.235 gm. of the triple salt is dissolved in redistilled water and 
made up toa liter. ‘This stock solution containing | mg. of zine per 100 ee. 
may be kept for vears in a Pyrex bottle in the dark. Dilute standards 
containing from 10 to 70 y per cent of zine are prepared frequently by 
diluting the stock solution with redistilled water. 

9. 20 per cent trichloroacetic acid. ‘This is made from trichloroacetic 
acid redistilled from an all-Pyrex still. Redistilled water is used for the 
solution. 

Preparation of Filters—Filters are made by sealing partially the ends of 
pieces of capillary tubing and packing filter paper pulp down into the funnel 
ends (see Fig. 1, B Directions are as follows: (1) Cut 3 em. lengths of 


“large” capillary tubing, 0.6 mm. in internal diameter (see Richards and 
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coworkers (11, 12)). The ends should be cut squarely; if this is not done, 
the funnel openings will be off center. (2) Seal partially one end of each 
piece of tubing by twirling it in a micro flame, examining progress under 
the microscope. The opening should be funnel-shaped, and should meas- 
ure approximately 0.1 mm. at the top and less at the bottom. If the open- 
ing 1s too large there will be a loss of precipitate, while if it is too small 
filtering and washing will be difficult or impossible. Discard any tubes 


| ieee i 






































stn acca etree a an 
Fic. 1. Apparatus for ultramicrodetermination of sodium. A and C are approxi- 
mately actual size B isan enlargement (20 X ) of the end of a filter tube. 


in which the openings are of incorrect size or are off center. (3) Pack 
filter paper pulp down into the ends of these tubes. Prepare the pulp 
beforehand by teasing apart in redistilled water. Dry the pulp in an oven 
at 105° and use as needed. Place a small amount of the dried pulp in a 
Petri dish. Tease off small bits with fine forceps. Introduce these into 
the open ends of the filter tubes and force them down into the funnel by 
means of ‘“‘small” capillary tubing, Pack in each bit of pulp gently but 
firmly using alternately the open and sealed ends of a piece of small 
capillary tubing about 6 cm. in length. This method produces a filter 
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that is well packed both in the center and on the sides. The packed filters 
should be 0.6 to 0.8 mm. in thickness and should show no spaces around the 
filter mat. Wash and test the filters as follows: By means of a syringe 
with an adapter attached fill the filter tubes with redistilled water. Place 
several of them at a time in small, short test-tubes at the bottom of which 
are small mats of clean, dry filter paper. Centrifuge these for about a 
minute and examine the tubes. Discard any which have not drained 
completely and place the rest in a clean weighing bottle to dry in an oven 
at 105°. Store the filters in the covered weighing bottle in a dust-free 
container. 


, Ps ’ 
Procedure for Aq 1COUS Sol tions 


Precimtation of Triple Salt—By means of a stage micrometer check 
the outside diameter of a 15 em. length of small capillary tubing. It 
should measure exactly 0.5 mm. Attach the tubing to the water manipu- 
lator as described for the chloride analysis of Westfall et al. (12) but place 
the open end of the capillary over the 40 or 30 mark of the stage micrometer 
so that a sample of 0.2 to 0.4 c.mm. will be measured at the center of 
the field. The zero of the steel rule should be opposite the 35 mark on 
the micrometer scale Introduce a column of sample 2 to 4 mm. in length 
and pull it in just far enough so that the meniscus is fully curved. Measure 
the sample carefully, pull it in about 5 mm., and introduce a 30 to 40 mm. 
column of zine uranium acetate reagent, depending on the size of the 
sample. This should be done rapidly from a rather coarse capillary pipette 
which has just been filled with freshly filtered reagent. The measurement 
need not be precise but the fluid column should not be pushed back and 
forth, as any evaporation of the reagent would lead to high results. Pull 
in the reagent about 10 mm., cut off the portion of the tube containing the 
fluids, and seal both ends in a micro flame without heating the reagent. 
Centrifuge and invert the capillary ten times, allow it to stand at room 
temperature for 10 minutes, and then centrifuge and invert five times 
more. During the 10 minute waiting interval examine a filter under the 
microscope and repack it gently. The volume of crystals now visible at 
the end of the precipitation capillary will give an approximate idea of the 
Examine the opposite end of the tube 


amount of sodium in the sample. 
Then cut off the tip and 


to see that no crystals have remained there 
insert the capillary into the filter tube so that the open ¢ nd is about 6 mm 
above the filter mat. The two tubes may now be sealed together with de 
Khotinsky cement as indicated in Fig. 1 without heating the reagent. 
Insert the capillaries into a small hole in the rubber stopper and fit this to 
the test-tube as shown in A. By means of rubber-tipped forceps lower the 
entire assembly into a centrifuge cup and spin rapidly for about 15 seconds. 


Lift out the assembly to examine the capillary and filter. Usually a small 
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amount of fluid is found above the filter at this stage. Cut off the sealed 
end of the capillary without disturbing the assembly, centrifuge again 
for about 6 seconds, and inspect. If the filter has been properly prepared, 
no fluid will be visible above the mat. Centrifuge for 2 minutes more to 
insure complete draining. 

Washing—Place the assembly in a wooden block. Dip the end of a 
clean micro funnel (volume about 15 c.mm.) such as is shown at the top 
of C into magnesium uranium acetate solution. Pinch the rubber tubing 
attached and release it again, thus filling the funnel completely. Wipe 
off the outside with clean tissue and slip the rubber tubing over the end 
of the small capillary. Centrifuge for 6 seconds, take off the funnel, and 
continue centrifuging for 30 seconds more. Repeat this same process with 
two funnels of alcohol and two of ether. When the ether has evaporated, 
a layer of clean, dry, yellow crystals should be visible on top of the dry 


Solution of Precipitate—Transfer the stopper and capillaries to a larger 
tube (see C) calibrated to contain exactly 6 cc. to the mark. Introduce 
1 little redistilled water into the small capillary but remove the funnel, 
since this entire assembly is too long for the centrifuge. Spin for a few 
seconds, cut the capillary off about a em. above the de Khotinsky cement, 
and then proceed as before, filling the funnel with water six or seven times. 
This should dissolve the precipitate and carry the solution completely 
into the graduated tube which is then filled to the mark with water. 

Determination of Zinc—From a 0.1 or 0.2 ec. Mohr pipette drawn out 
toa fine tip, add 0.1 ce. of diphenylthiocarbazone solution to each unknown 
tube and also to each of three colorimeter tubes containing 6 ec. of water 
ind of two standards, respectively. Place clean corks in the unknown 
tubes and mix by inverting several times. Transfer the contents com- 
pletely to colorimeter tubes and mix the fluids of all tubes by swirling. 
[he blanks should be golden yellow, while the solutions containing from 
10 to 70 y per cent of zine vary from orange to deep cherry-red. Take 
readings immediately, using Filter 565 with the 6 ec. aperture of the 
Evelyn colorimeter. With our sample of Eastman diphenylthiocarbazone 
a straight line curve is obtained, the 70 y per cent standard reading about 
34. Since there is some variation in the curve even though the solution 
of reagent is made ip the same way each time, it has been found advisable 
to run at least one standard every time an unknown is run. Standards 
should be chosen in the range anticipated for the unknowns. Blank deter- 
minations, carried through the entire procedure with redistilled water 
substituted for a sample, gave maximum values of +0.6 y per cent of zine. 
Since readings of this magnitude could be accounted for by errors in the 
calibration of the 6 cc. and colorimeter tubes, the blank is considered zero. 

Calculations—Since the inside of a very curved meniscus is taken for 
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measurement ol samples, a volume correction must be made By inspec- 
tion it was found that the addition of 0.005 ¢.mm. for each meniscus (0.01 
in all) to the recorded volume makes the measurement sufficiently accurate 
lor our purposes. Possibly the correction 1s slightly too small, but this 
is comp nsated by the fact that the inside diameter of the tube is very 
slightly smaller than it should be to give exactly 0.1 ¢.mm. per cm. of tube 
length. This corrected volume is used to calculate the final dilution 


(30.000 times in the case o1 a corrected sample volume ol U 2 ¢.mm.) and 


TABLE | 
hee f Single lf rmicroanalyses for Sod ” VaCl Solutions 
\ ( I 
, e 
0. 403 5 14 103 5.5 
() 4 ) RIS ‘1 1O8 1.5 
(). 22] 0.694 514 ) 3.5 
0.208 (1) 40) mh 2355 0.4 
0 410 0.43 tha OS 1.4 
0.212 0. 421 ) 1US 1.5 
0. 20S 0 360 173 l7s 2.Y 
0.2 r at 165 154 6.7 
) 19 0.274 142 150 5.6 
0.203 0.21 106 117 10.4 
0 200 () “ O5 105 10.5 


since there is | atom of sodium for each of zinc in the triple salt, calcula- 


T n ire ~ follo ~ 
n eight of Na, 23.0 
{ 
mic weight of Zn, 65.38 
neentration of Zn in final solution X dilution 
Results o7 lg eous Solution In 1938 a series of eight and in 1941 
another of eleven preliminary determinations were made. In these the 
sodium content ol sample 3; was from 0.2 to 0.7 *. the average error Was 
1.6, and the maximum error 13 per cent. In the past year the method 
has been modified slightly and reexamined for accuracy Results of analy- 


ses made during the past year with th technique described above ar 
shown in Table I. The composition of these solutions was unknown to 
the analyst. When samples contained 0.3 to 1.3 y of sodium, the maxi- 
mum error was +7 per cent, but the usual error was considerably less. _ If 
still smaller amounts were used, the error was increased, as shown in 


lable | In all the animal experiments to be described the samples con- 


tained at least 0.3 y. 
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Directions for serum are as follows: Draw into a 


large capillary a column of serum 3.0 mm. in length and follow this with 


a column of equal length of trichloroacetic acid. 


Comparison | Re . 


Dog 


N e furus, pool d 


Sod 


Jan 5 
Feb 25 
Mar. 3 
ee Qg 
16 

Apr. 10 
17 

May 15 
June 19 
gg 

July 1 
21 

24 
Mean 


im Concentration of Blood Serum and Glome 


TABLE II 


Gravimetri 


mg. per cent 


339 
220 
217 
227 
93: 


? 
» 
‘ 


21 


ults Obtained on Serum 


TABLI 


oe 

Der r ” ber cé 
2 246 

220 
5 
0) 270 
0 256 
5 296 
) 16 
] 266 
t 233 
5 236 
8 215 
3 24] 
2 254 
t 204 
2 274 


with Gravimetric 


II] 


949 


267 


208 
996 


202 
186 
267 
903 
256 
224 
230 
266 


274 


a 


Seal the tube and mix 


and Ultramicromethods 


Difference 


per cent 


ilar Fluid of Necturus 


Difference 


bo 
om Ww WwW 


the contents by three centrifugations; allow the mixture to stand for 10 


minutes, and then centrifuge again for 


) 


0.4 c.mm. for sodium analysis as described before. 


minutes. 


Use approximately 
In Table II is shown 


a comparison of results obtained on serum by gravimetric and ultramicro- 
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methods. In most cases the gravimetric analyses were carried out in 


duplicate, while the ultramicrodeterminations were done singly. Agree- 
} 


ment was good in most cases. In the last example in which the difference 
was 8.8 per cent the ultramicroanalysis was repeated twice, the results 
being 232 and 236 mg. per cent. Unfortunately there was insufficient 


serum to repeat the gravimetric analysis. 
A nimal Exp rame nits 


The glomerular puncture technique of Wearn and Richards (13) was 
used on Necturt as described by Walker and Reisinger (14). Blood was 
taken from the posterior cava before and after the glomerular fluid collee- 
tion and allowed to clot in capillaries before centrifuging. The results 
the « xperiments 


of fifteen experiments are shown in Table III. In nine o 
the difference be tween the ave rage serum sodium and that of clomerular 
fluid is approximately 5 per cent or less. The greatest differences are —14 
and + per cent. It is believed that these differences are within the experi- 


mental error of the entire procedure and that the sodium content of the 
twe fluids is essentially the same. The range of protein concentration 
which White (15) found for Necturus serum was 1.2 to3.5 per cent. Analy- 
ses in two of our animals also showed serum protein in this range. The 
sodium content of ultrafiltrates of such plasmas would be close to that of 


the plasma itself, though probably slightly lower. It may be a coincidence 
or a reality that the mean difference in these experiments is slightly 
negative. 

SUMMARY 


+ 


1. A colorimetric ultramicromethod for the determination of sodium 
is described. The principle of the method is the precipitation of sodium 
as sodium zinc uranium acetate and the determination of zinc in a solution 
of the salt by means of the delicate color reaction with diphenylthio- 
carbazone. Samples as small as 0.2 c.mm. and containing as little as 
0.3 y of sodium are determined with an average error of approximately 
3.0 per cent. 

2. In nine out of fifteen experiments on Necturi the sodium content of 
glomerular fluid was within 5 per cent of that of serum. The greatest 
differences were —14 and +9 per cent. These results are interpreted as 
adding another link to the long chain of evidence characterizing the 


glomerular fluid as an ultrafiltrate of plasma. 


The author is most grateful to Dr. A. N. Richards for his suggestions 


and encouragement in this work. 
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(Received for publication, December 14, 1942) 


The differences in biological properties which distinguish various strains 
of a virus are presumably accompanied by corresponding variations in 
structure, in chemical composition, or in both. Analyses of highly purified 
preparations of several strains of tobacco mosaic virus indicate that these 
viruses are nucleoproteins 1). The particle shapes and sizes of these 
nucleoproteins are practically indistinguishable in the analytical ultra- 
centrifuge and in the electron microscope (1).!. Moreover, the x-ray pat- 
terns of five strains indicate that they possess similar gross internal struc- 
tures and similar subunits (2). Hence it might be concluded that the 
chemical differences between strains are not great, although at least one 
example to the contrary is now known (3-5). Chemical differences may 
lie in the nucleic acid portion or in the protein component of the virus 
molecules. Analyses carried out on eight different strains of tobacco 
mosaic virus have shown that these particular strains contain equivalent 
amounts of ribose nucleic acid but that their protein components possess 
marked differences in amino acid composition (3, 4). Despite the fact 
that analy ses have been made for only five amino acids, differences have 
been found in the compositions of six of the eight strains. The composition 
of the rib-grass strain differs most w idely from that of the ordinary strain, 
for, in addition to containing amounts of tyrosine, tryptophane, and 
phenylalanine which are considerably different from those of the type 
strain, the rib-grass virus contains 0.55 per cent histidine, an amino acid 
entirely lacking in the type strain and in six other strains (4). Moreover, 
the rib-grass strain contains about 3 times as much sulfur as the ordinary 
strain (5). The results of an investigation on the nature of this compara- 
tively large amount of sulfur are given in the present communication. 
Since the 0.2 per cent of sulfur in ordinary tobacco mosaic virus has been 
accounted for as cysteine (6-8), it was of special interest to determine 
whether the increased amount of sulfur in the rib-grass strain is all present 
as cysteine or whether some other sulfur-containing amino acid likewise 
occurs in this protein. 


' Knight, ¢ \., and Stanley, W. M., unpublished data. 
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EXPERIMENTAL 


The rib-grass virus was obtained from diseased Turkish tobacco plants 


as recently described (5). Highly purified preparations of virus were 
frozen and dried in vacuo and then further dried to constant weight in an 
oven at 110°. The white fluffy material secured was used for most of the 


analyses. Aqueous solutions of highly purified virus were used for the 
remainder. Four total sulfur determinations made by commercial analysts 
vielded values ranging from 0.52 to 0.69 per cent, W ith an average of 0.62 
per cent. At least a portion of this sulfur was assumed to be in the form 
of cysteine, since even mildly denatured virus gave a strongly positive 
nitroprusside test. An indication that part of the sulfur was present as 
methionine was obtained by means of the color test developed by Kolb 
and Toennies 9). Of eight strains of tobacco mosaic virus tested, only 


the rib-grass strain gave a positive reaction. 


rasie | 
D nol Su n ii ty | 
Cyste 
am pie N te 
I 1 r l Baerr \ 7 
' titrat 
per cen t r cen r en 
l 0.68 0.68 
2 0.05 0.740 
3 0.69 
} 0.70 
5 0.73 
6 0.55 2 0 ) 0 
7 0.60 2.1 2.1 ) U 


Cysteine and Methionine—Cysteine was determined in solutions of the 
virus by direct titration of the —SH groups with standard ferricyanide in 
the presence ol guanidine hydrochloride (10, 8), and by a colorimetric 
method involving the reduction of Folin’s uric acid reagent by the virus 
in the presence of urea 11). In addition, some values for evysteine, methi- 
onine, and sulfate sulfur were obtained by the Baernstein method as 


modified by Kassel] and Brand 12 , One ol the Samy les examined by 
the Baernstein method was also analyzed for methionine by the color 
metric procedure of McCarthy and Sullivan (13). The results of the 


analyses are summarized in Table I. 
DISCUSSION 


The cysteine value obtained by the Baernstein method was definitely 


lower than those obtained by the uric acid and ferricyanide determinations. 
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This can probably be attributed at least in part to the method, since it is 
known to yield low values with pure cysteine (6, 12). No correction 
factor was used to compensate for this fact. The value of 0.58 per cent 
eysteine in the rib-grass strain corresponds quite closely to the uncorrected 
average of 0.61 per cent obtained by the Baernstein method by Ross for 
the ordinary strain (6). In addition, neither the ferricyanide titration nor 
the uric acid method as applied in the present experiments revealed any 
significant difference between the rib-grass virus and ordinary tobacco 
mosaic virus. ‘The latter is considered to contain 0.68 per cent of cysteine 
6-8). These results suggest that the two strains contain nearly identical 
amounts of cysteine. 

Since no sulfate sulfur was found in the nb-grass virus, it was assumed 
that the sulfur of this virus is distributed between the amino acids, cysteine 
and methionine. A combination of the cysteine and methionine sulfur 
values of the Baernstein analysis yields a total of 0.58 per cent sulfur. 
Similarly, a combination of the average cysteine sulfur indicated by the 
ferricyanide and uric acid methods with the McCarthy and Sullivan 
methionine sulfur gives a total of 0.59 per cent sulfur. These values 
agree well with the average figure of 0.62 per cent sulfur obtained by 
elementary analyses. It may be concluded, therefore, that all or essen- 
tially all of the sulfur of the rib-grass virus has been accounted for in the 
forms of cysteine and methionine. 

The 2 per cent of methionine found in the rib-grass virus represents an- 
other striking difference between this strain and seven other strains of 
tobacco mosaic virus, for these appear to contain no methionine. While 
the rib-grass virus closely resembles the ordinary strain in size and shape, 
in immunological, serological, and gross chemical and physical properties, 
it differs distinctly from the latter in certain biological properties and 
chemically in at least five important respects. It is hoped that a correla- 
tion may shortly be made between some of the chemical and biological 
differences. 

SUMMARY 


Analysis of the rib-grass strain of tobacco mosaic virus indicated that 
this virus contains about 0.62 per cent of sulfur, or about 3 times the pro- 
portion found in ordinary tobacco mosaic virus. The cysteine content of 
the rib-grass virus, as measured by three different methods of analysis, is 
apparently the same as in the ordinary strain; t.e., about 0.68 per cent. 
However, quantitative analyses by two different methods indicated the 
presence of about 2 per cent of methionine and qualitative tests showed 
that the rib-grass virus is the only one of eight strains which contains 
methionine. All or essentially all of the sulfur of the rib-grass virus has 
been accounted for in the cysteine and methionine which the virus contains. 
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Protoporphyrin is easily prepared from hemoglobin according to the 
method of Fischer and Piitzer (1). The purification of the crude proto- 
porphyrin, and especially the removal of a brown-green substance which 
interferes with crystallization of the protoporphyrin or its methyl ester, 
is relatively difficult. We have frequently found it impossible to erystal- 
lize the free protoporphyrin or its methyl ester by means of methods 
hitherto described (1-3). Hamsik (2) briefly referred to a method for 
erystallizing free protoporphyrin, which we have found both simple and 
efficient. Hamsik (2) evidently regarded this only as a means of recrystal- 
lizing material that was already relatively pure, but in our experience the 
method is applicable to the crude protoporphyrin as first obtained with 
the Fischer-Piitzer method. This consists in dissolving the dry porphyrin 
ina small amount of pyridine and then adding petroleum ether (b.p. 30 
60°) to the point of beginning precipitation. ‘The precipitate is crystalline, 
exhibiting the habitus described by Fischer, Treibs, and Zeile (3). The 
erystallization is nearly quantitative when sufficient petroleum ether is 
idded and the mixture allowed to stand in the ice box. After four re- 
erystallizations, microanalysis! for C and H yielded the following results. 


Cs,H3,N ,O,y. Caleulated, C 72.56, H 6.09; found, C 71.32, H 5.94 


The direct crystallization of the crude methyl ester of protoporphyrin 
IX from chloroform-methyl alcohol or benzene-petroleum ether (4) is 
unsatisfactory. In a previous study by Schwartz and Watson (5) it was 
found that the protoporphyrin methyl ester obtained from feces was 
readily purified by the chromatographic method, with Brockmann’s 


ALO; (Merck), and CHCl;-petroleum ether as eluent. The method is as 


follows: 
Aided bi ti grant trom the Medical Research Fund ol the Craduate School, 
University of Minnesota 
t Fellow of the Rockefeller Foundation. 
!This was carried out in the micro laboratory of the Division of Organic Chem- 


stry, University of Minnesota 
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The ester dissolved in chloroform is purified in the usual way by washing 
with distilled water, 10 per cent ammonia, and 7 per cent sodium chloride 
solution. The solution is dried by filtering through CHCl;-moistened 
paper, after which it is concentrated to a small volume on the water bath 
and mixed with 12 volumes of petroleum ether; precipitation of the major- 
ity of the brown-green impurity together with some of the protoporphyrin 
ester takes place. After a few minutes the precipitate is separated by 
filtration and the filtrate is passed through a column of Al,O; (we started 
with Brockmann’s Al,O;, but have found subsequently that the product 
of the Aluminum Ore Company (mesh No. 100-120) gives the same 
results).2. The process can be accelerated by applying a little suction but 
the chromatogram is more perfect and the purification is better without 
suction. The precipitate from the above filtration is redissolved in a small 
volume of chloroform which is then mixed with 10 volumes of petroleum 
ether and filtered as before. This filtrate is also passed through the same 
column of Al,O; at a time when the first filtrate has almost completely 
gone through. This operation is repeated with increasing concentrations 
of the chloroform in the petroleum ether, 1:8, 1:6, 1:4, 1:2, 1:1, and 
finally with chloroform alone. The adsorption of the entire amount of 
porphyrin and the impurities on the top of the column takes place as a 
rule during the passage of the first two fractions. With the fraction at 
a concentration of 1:8 the chromatogram begins to develop. A zone of 
the protoporphyrin ester, representing the purest fraction, starts to wander 
down the column. This is eluted as the increasing concentrations of 
CHC, in petroleum ether are passed through. At the same time a de- 
velopment of more zones occurs, representing the ester with increasing 
impurities. Finally several portions have been collected, the first the 
purest and the last the most impure. Most of the brown-green substance 
remains adsorbed on top of the column. The first fractions crystallize 
very easily, often spontaneously from the chloroform-petroleum ether 
during the Ist hour or on standing overnight. If a greater yield is desired, 
those fractions which do not crystallize well combined with the mother 
liquors of the crystals are dried in a water bath, after which the residue is 
redissolved in CHCl; and petroleum ether and subjected anew to the 


chromatographic procedure. After two recrystallizations from CHC\h- 
methyl alcohol, the melting point of the crystals was 223-224° (not cor- 
rected). This material was a chromatographic entity, as is shown by 


? Recently we have found that precipitated calcium carbonate (Merck or Cenco, 
u.s.P.) may be used to advantage when the original Tswett procedure with 
Zechmeister-Cholnoky tubes (6) is used Adsorption is effected from chloroform 
petroleum ether, 1:10, and the chromatogram is developed with chloroform-petro 


leum ether, 1:4 
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redissolving it in CHCl, mixing with petroleum ether, and passing through 
Al,O; as described above. Development with a 1:6 mixture resulted 
in the appearance of but one zone, leaving the column above it com- 
pletely white, without pigment. The ester thus obtained is undoubtedly 
a purer preparation than that of the free protoporphyrin. 

The microanalysis for C and H, on this material, was as follows: 


CysH3sN,O,. Caleulated, C 73.19, H 6.49; found, C 72.66, H 6.25 


Saponification of Ester—The ester is best saponified by allowing it to 
stand overnight in the refrigerator, in 25 per cent HCl. This is simpler 
and less destructive than the method in which sodium hydroxide and heat 
are employed. The saponification is usually complete after 5 to 6 hours. 


SUMMARY 
Improved methods of purifying protoporphyrin and its methyl ester, 


as prepared from hemoglobin, are described. 
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Fischer and Kégl (1) were the first to recognize that small amounts of 
protoporphyrin are often difficult to purify sufficiently for identification, 
ind that it is therefore best to convert the protoporphyrin to mesoporphyrin 
which is easily handled and whose isomer type may be identified with ease 
y means of melting point determination. Various micromethods for this 
onversion have been described (1-3). The improved procedure recently 
lescribed by Schultze (3) increased the vield from the 10 to 20 per cent 
btained with the original Fischer-Kégl method to 35 to 40 per cent. 
In brief, the method of Schultze is as follows: 

To 10 mg. of protoporphyrin dimethyl ester are added 100 mg. of ascor- 
e acid and 2 ml. of glacial acetic acid. 0.3 ml. of HI (sp. gr. 1.94) is then 
lded, and the mixture is boiled for 45 seconds. After cooling rapidly, 


the solution is mixed with 50 ml. of ether, which is then washed twice with 


5 ml. portions of a 10 per cent aqueous solution of sodium acetate and 3 


er cent sodium sulfite. The ether solution is next washed with water, and 


the mesoporphyrin is extracted with small amounts of 5 per cent hydro- 


hloric acid. The extract is neutralized with sodium hydroxide and sodium 
wetate, and the porphyrin is then extracted with ether. From the ethereal 


solution the porphyrin is removed with 2.5 per cent HCl. The HCI solu- 
tion is then washed with a mixture of 2 parts of ether and | part of chloro- 
form. The porphyrin is precipitated from the acid solution by the addition 


f sodium hydroxide. The insoluble sodium salt is collected by cen- 


trifuging. After repeated washing with water, it is directly esterified with 
methyl aleohol saturated in the cold with HCl gas, and the ester is then 
separated and crystallized from chloroform-methyl alcohol in the usual 


vay (1). As already noted, the yield with this procedure is 35 to 40 per 
ent of the original amount of protoporphyrin. With Rimington’s modi- 


fication (2) of the Fischer-Kégl method we have obtained a yield of ap- 


proximately 30 per cent. 


* Aided by a grant from the Medical Research Fund of the Graduate School, 


University of Minnesota. 


t Fellow of the Rockefeller Foundation. 
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In working with the earlier methods of Fischer and Kégl as well as the 
later one of Schultze, just described, we find that it is unnecessary to use 


hydriodic acid of specific gravity 1.94. Hydriodie acid with a specific 
gravity of 1.50, which is much easier to obtain, is just as efficient if used in 


somewhat larger amounts. 


Two sources of loss have been noted in Schultze’s method. The first 
is that an appreciable amount of porphyrin is removed in washing the first 
ether with the sodium acetate-sodium sulfite mixture. The materia] 
must in turn be washed with ether if this loss is to be avoided \ second 


source of loss is that a considerable fraction of mesoporphyrin is often 
not removed from the ether with 5 per cent or even with 10 per cent HCl, 
Furthermore, a large loss occurs when the HC! solution is washed with 
the mixture of ether and chloroform. 

With these facts in mind, the following modified proced ire has been 


worked out with a resultant yield of approximately 60 per cent 
VU ethod 


To 10 mg. of protoporphyrin dimethyl ester are added 100 mg. of 
ascorbie acid, 2 ml. of glacial acetic acid, and 0.6 ml. of HI (sp. gr. 1.50). 
The mixture is boiled for 45 seconds. After cooling rapidly, the solution 
is at once mixed with 50 ml. of ethyl ether (peroxide-free); any undis- 
solved porphyrin at this stage is dissolved in a little glacial acetic acid and 
added to the ether. The ether solution is then washed twice with the so- 
dium acetate-sodium sulfite solution (see above) and three times with dis- 
tilled water. The combined washing solutions are extracted repeatedly 
with ether. The product is combined with the main ether extract from 
which the porphyrin is then removed by repeated extraction with 5 per 
cent HCl. Occasionally a small amount of porphyrin together with a 
yellowish brown impurity remains in the ether; the mesoporphyrin is not 
adequately extracted unless 25 per cent HCI is used. A separate extrac- 
tion with this concentration is therefore carried out. The 25 per cent HCl 
extract is worked up separately in the same manner as is the 5 per cent. 
It would probably be satisfactory in most instances to extract directly with 
25 per cent HCl, but since this removes more impurities we have always 
used 5 per cent first, with the thought that, in any instance in which the 
amount of mesoporphyrin was relatively small and the amount of impur- 
ities large, crystallization might not be achieved at all if only a 25 per cent 
concentration was used. Except when it is desired to increase the yield 
to the utmost, the 25 per cent extraction may be omitted. The HCl ex- 
tracts are neutralized with sodium acetate and the mesoporphyrin is ex- 
tracted with ether. The ether is washed three times with distilled water 
(the combined wash water in turn being extracted with a few ml. of ether 





| 








the 


ific 


nd 


en 


th 





M. GRINSTEIN AND C. J. WATSON 67: 
| which are added to the main ethereal extract). The ether is then extracted 


with 2.5 per cent HCl which now removes the mesoporphyrin almost quan- 

titatively. The HCl extract is neutralized with sufficient 20 per cent 

NaOH to make the solution negative to Congo red. The mesoporphyrin 

largely precipitates after a few hours and is then collected on a small filter 

paper After be ing washed with small amounts of distilled water, 

| the precipitate is dried and esterified by .solution in methyl alcohol 

saturated in the cold with HCl gas. After standing overnight, the ester 

is crystallized in the usual way from CHC}l;-methyl alcohol. After two to 

three recrystallizations a melting point of 212-214° (not corrected) is 
observed. The vields shown in Table I have been obtained. 

In Table I no account was taken of crystals left on the sides of the tube 

or remaining in the mother liquors of the recrystallizations. It may be 


raBLe | 
Yield f Mesoporph n Ester Obtained from Varying Amounts of Crystalline 


Protoporph yUrin Este / 


T set VW 


i me yen me y ¢ ne —" Ler Vield 
’ ” per ni 
9.5 5.8 61 
2 5.5 3.6 65 
2 10.0 5.9 59 


noted, however, that in Experiment 3, 1.5 mg. of the total yield were re- 
covered from an ether-chloroform mixture (2:1) which had been used to 
wash the 2.5 per cent HCl extract, according to Schultze’s procedure. This 


step was not included in Experiments | and 2. 


| SUMMARY 


An improved micromethod is described for the conversion of proto- to 


mesoporphyrin. The yield with this method is approximately 60 per cent. 
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Small portions remaining in solution are recovered by ether extraction, after 


vhich the ether is concentrated to dryness and the residue is esterified 
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The presence of free protoporphyrin in human erythrocytes was reported 
n 1928 by Hijmans van den Bergh and Hyman (1) who devised a method, 
ther modified by van den Bergh and Grotepass (2), for its quantitative 
determination. The method entails extraction of the red cells separated 
from 30 to 40 ml. of blood with 100 to 150 ml. of a mixture of ethyl acetate 
and glacial acetic acid (3:1). This mixture is washed with distilled water 
and the protoporphyrin is extracted with 5 per cent HCl. After one 
purification 
+ NaQOCCH 
HC] > ether ——> HC} 
until negative to Congo red 
the porphyrin content of the final HCI extract is determined on the basis 
f the intensity of its red fluorescence. Modifications of this procedure 
have been described by Lageder (3), Vigliani and Angeleri (4), Schumm (5), 
and Seggel (6). In all of these, the principle of extraction of the proto- 
porphyrin is the same as in the original van den Bergh-( irotepass method. 
The chief difference between them is in degree of purification of the final 
HCl extract and in the physical method of estimation of the porphyrin. 
In some, the concentrations are measured by means of the intensity of the 
red fluorescence, in others by means of the intensity of absorption of ultra- 
violet light (Schumm) or of visible light (Seggel). All of these methods 
have obvious limitations. ‘Those based on the intensity of red fluorescence 
are subject to the difficulty that the amounts are often small and the in- 
tensity correspondingly weak. Under these circumstances a color match 
in the stufenphotom« ter, as in Lageder’s method (3), is often impossible. 
Furthermore, as Lageder points out and we can confirm, protoporphyrin 
solutions are not particularly stable when exposed for any long period to 


iltraviolet light, as is often necessary in attempting to obtain a color match 


* Aided by a grant from the Medical Research Fund of the Graduate School, 
Un versity of Minnesota 
t Fellow of the Rockefeller Foundation 
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sensitive fluorophotometer was not available. We determined, therefore, 
to measure the absorption at 407 my as Schumm (5) did spectrographically, 
but to use instead the Evelyn photoelectric colorimeter. The following 
method was devised and has now been in use for some time with entirely 


satisfactory results. 
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HCl (stufenphotometer) 


At least 5 ml. of red blood cells are washed twice with physiological sal- 
ine, after which they are well homogenized with 50 ml. of a mixture of ethy! 
acetate and glacial acetic acid (3:1). This operation is carried out by 
means of a glass rod in a large Pyrex test-tube, preferably with a lip (380 X 
100 mm.). This mixture is then quantitatively transferred to a 150 ml. 
Pyrex glass-stoppered bottle. It is shaken by hand for | to 2 minutes, then 
allowed to stand for 10 minutes, after which the supernatant fluid is de- 
canted through a filter paper. The residue is washed three times with 15 
ml. portions of the 3:1 mixture of ethyl acetate-glacial acetic acid. The 
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filtrate is placed in a small separatory funnel and washed three times with 


distilled water. The combined water washings are extracted with 10 ml. 


of ethyl acetate to recover any protoporphyrin present, and this is added 


to the main ethyl acetate fraction. After complete separation of the 


water, the ethyl acetate is extracted with 2 ml. portions of 10 per cent HC] 
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For this purpose a carbon are 
Che combined HCl ex- 


until no further fluorescence is observed. 
lamp fitted with a Corning No. 587 filter is used 
tract is neutralized with sodium acetate until negative to Congo red paper. 


1 ml. of glacial acetic acid is added This reduces the tendency to emul- 
sion in the subsequent extraction. The solution is then extracted three 
times with equal volumes of ethyl ether. The combined ether extract is 
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washed once with a few ml. of 1 per cent sodium carbonate (not enough to 
neutralize the acetic acid in the ether completely). Next the ether is 
washed twice with water. Finally the ether is extracted repeatedly with 
1.5 ml. portions of 5 per cent HCl until fluorescence is no longer observed, 
which usually requires three to four extractions. The HCl extracts are 
collected in a graduated glass-stoppered 10 ml. cylinder and made up to 
10 ml. with 5 per cent HCl. The solution is well mixed and the absorp- 
tion is then measured in the Evelyn colorimeter as noted below. The con- 
centration mav be calculated according to the formula (R/V) & 10 = 


micrograms of protoporphyrin in 100 ml. of cells, where R = the value 
obtains d from the calibration curve as given below, and V the volume 


of red hlood cells used. 
The method is equally satisfactory for whole blood, but will, of course, 


include any porphyrin present in the plasma. The present status of the 
TABLE | 
Data for Construction if Calibration Curve for Determ ning Protoporph yrin with 
} elyn Photos lectric Colorimete? 
Galvanometer rea I ly yrimeter 
e 

1] 89 

33 72 

55 60 

77 5] 

110 113 

132 37 
isma porphyrin is not clear. There is general agreement that the normal 
lasma is free of porphyrin (2, 5 The occurrence of coproporphyrin in 
the plasma in various diseases was reported by van den Bergh and co- 
workers (7). and by Vigliani and Angeleri (4 \More recently, however, 


Schumm (5) reported the occurrence of protoporphyrin in the plasma, al- 
beit in different tvpes of cases than those studied by the previous workers. 
This problem obviously merits further investigation. In the meanwhile, 
t is undoubtedly best to apply the present method to the red cells only. 

As Schumm (5) has pointed out, the maximum absorption of protopor- 
phyrin dissolved in 5 per cent HCl is at 407.4 my. This absorption is much 
nore intense than any in the visibl spectrum. 

The calibration curve was prepared with pure protoporphyrin obtained 
from hemoglobin according to Fischer and Piitzer (8) and purified as de- 
scribed in Papel I of this series. The cry stalline ester was weighed on a 


micro balance after which it was saponified in 25 per cent HCl and was then 
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diluted with water to 5 per cent. The absorption of a series of dilutions 
was measured with the No. 400 filter. Table I includes sufficient data for 
the construction of the calibration curve. 

The absorption of the final HCI solution is constant for from 6 to 24 
hours. After 24 hours there is always a varying but moderate decrease, 
rarely more than 15 per cent of the original value over long periods (Table 


TABLE II 
Stability of Protoporpl {rir Lbse plion n Final HCl Extract As Measured by Evelyn 
Phe ele c Col ” fe 
Ex} ment \ Measure mime itely Measured after 24 hrs Measured after 48 hrs 
l 13.4 11.5 
2 IS.2 15.5 
3 13.5 11.5 11.0 
t 15.0 14.0 13.7 
5 19.0 15.5 15.2 
6 21.5 18.0 17.4 
7 15.0 15.0 
S 17.2 17.2 
v 14.0 14.0 
10 12.5 11.5 11.0 
1] 10.5 g 8 g 8 
TABLE III] 
Stability i porphy I escen n Final HCl Extract As M 
( ema? | pl ef 
t Vl te —_ , 
a.2 ».8 
2 18.7 7.4 
3 18.0 7 3 
} 15.0 6.0 
5 16.0 2.5 
6 12.0 1.5 
7 1S 2 » () 
I] On the contrary, measurement of the concentration by means of the 


fluorophotometer (see below) has shown, in agreement with the findings of 


Lageder (3), a marked decrease in the intensity of the fluorescence on stand- 
ing; after 24 hours the decrease is more than 50 per cent even when the 
solution is kept in the dark (Table III). It is evident that the protopor- 
phyrin undergoes some molecular change in which the absorption at 400 


my remains practically the same, while the fluorescence diminishes mark- 





tL 








M. GRINSTEIN AND C. J. WATSON 681 


edly. Solutions of pure protoporphyrin are much more stable; we have 
noted no deterioration of absorption with the Evelyn colorimeter within 
3 days, nor of fluorescence, with the fluorophotometer (see below) within 
24 hours. These, of course, were subjected to ultraviolet light only long 
enough to obtain a reading, which is a matter of but a few seconds with 
the fluorophotometer. 

Specificity of Absorption—In order to be sure that the absorption at 400 
mu in the Evelyn colorimeter is due only to protoporphyrin, we compared 
the results obtained with the Evelyn instrument with those obtained by 
measuring the intensity of fluorescence with the fluorophotometer (Cole- 


TABLE IV 
Compa m of Fluorescence and Absorption Intensities of Final Protoporphyrin 


; ; : : : : 
Solutions from Various Samples of Blood 


Concentration of protoporphyrin, y per 100 ml. blood 
Evelyn photoelectr olorimeter Coleman fluorophotometer 

11.0 11.0 
2 10.5 11.0 
} 9.2 9.2 
i 31.7 32.1 
‘ 10.0 9.2 
6 13.4 13.2 
7 12.9 13.2 
S 18.2 18.7 
i) 17.0 18.0 
10 13.0 13.0 
1] 12.0 12.0 
12 18.5 18.2 
13 10.0 10.0 
14 93.3 91.1 


man) with the lamp filter No. B-2 and the photocell filter No. PC-2 but 


ithout the No. 032 amber filter. The photocell in this apparatus is not 
is sensitive in the red? as in the yellow. Nevertheless, the arrangement 
vas satisfactory for the purpose desired, since we simply wished to obtain 

series of comparative values between absorption and fluorescence. If 
these values had been found to differ significantly, it might have been 
assumed that interfering compounds were present. This was not the case, 
however, as proved by the agreement of the data presented in Table IV. 

The data used in constructing the fluorophotometric curve are given in 


? Recently we have found the Klett fluorophotometer to be much more sensitive 


in the red and correspondingly more satisfactory. 
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lable \ Lo obtain the m, pure solutions were employed whose concen- 
tration was determined by means of the Evelyn colorimeter, as described 
abovi Che relative sensitivity ol the Coleman fluorophot meter was 
d with a standard solution of quinine sulfate containing 0.3 mg. per 
Q.1N ilfurie acid We adjusted the sensitivity of the apparatus to 


galvanometer deflection of 96, using the quinine solution and the filters 


] ] ; ‘ 
mentioned above, In calculating the amount of protoporphyrin in the 
ABI \ 

D ( ( ( or Dete / ( WV 
j 
( 
a ) 
f . 
me | Q 
| Vl 
( ( I \ 
; f 
) 0 
2 IQ 1) 
} {) 1i) () 
2.0 27 
) 7 5 y 
' i} 
red hye ( i is given above | the |} n photo 
e] tric ef rimete! 

In the method described above, the preliminary treatment leading up to 
he olorimetric determination has been altered from that of the original 
in den Bergh-Grotepass procedure with respect to the time of shaking the 

blood and ethyl acetate-glacial acetic acid mixture The reason for this 
cl ng ] OLLO ~ 


In van den Bergh’s method the mixture is shaken for 2 hours. As 
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shown in Table VI, this is unnecessary and in fact undesirable; better yields 
ure obtained with only brief shaking; during the prolonged shaking some 
of the protoporphyrin is probably destroyed. 

The purification of the first HCl extract, as in the method of van den 
Bergh and Grotepass, has been retained for the following reasons. The 
first HCl extract contains traces of hemin and some opalescence; the 
amount of both varies from one determination to another. The opales- 
cence in the HCl extract increases when the ethyl acetate-glacial acetic 
acid filtrate is not extracted immediately. Both hemin and opalescence 
eause an increased absorption at 400 mu. In accordance with van den 
h’s procedure we therefore purify further by taking the porphyrin 


) 
Berg 


to ethyl ether and then extracting it with 5 per cent HCI, thus obtaining 
states that a second extraction 


r) 
iil 


a clear and colorless solution. Seggel (6) 


entails a considerable loss of porphyrin. We have found, however, that 


TaBLe VII 


/ ( phyrin Added to First HCl Extract (10 Cc. Volume) 

P Protoporphyrin Concentration Concentration ree 

udded found calculated Recovery 

. er cent y per cent per cent 

15.5 0.41 19.3 19.6 98.5 
y 15.5 0.82 23.9 28.7 103.4 
} 10.5 0.65 16.5 17.0 97.1 
t 10.5 1.30 94.5 93.5 104.2 
o 23.1 0.90 21.8 22.1 98 .6 


when pure protoporphy rin is added to 5 per cent HCl the recovery is prac- 
This is also true when pure protoporphyrin is added 


tically quantitative. 
as derived from blood samples). The data are 


to the first HCl extract 
shown in Table VII. 


Comment 


The present investigation provides a relatively simple and accurate 
method for the quantitative estimation of the non-hemoglobin protopor- 


phyrin in the erythrocytes. This method was needed in order that further 


studies might be made ol the occurrence of this protoporphyrin under nor- 


mal and pathological conditions. Reticulocytes were shown by Watson 


latively rich in protoporphyrin. Seggel (6) believes 


and Clarke (9) to be rel: 
that the protoporphyrin is contained in the “‘fluorescytes” and that these 


cells are not identical with reticulocytes. Obviously further studies of 


this problem are needed and these will require a method such as is herein 


described. 
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SUMMARY 


Methods are described for the quantitative determination of the non- 


hemoglobin protoporphyrin in the erythrocytes. The van den Bergh ex- 


traction procedure is employed with the exception that the time of shaking 
is much shortened, since it has been shown that prolonged shaking results 
The amount of porphy rin in the final HCl extract may be 


in some loss. 
phe itoelectric 


determined either by measurement of absorption in the 
hotometer. 


colorimeter (No. 400 filter) or of fluorescence in the fluoroph 
The excellent agreement obtained with these methods is regarded as proof 


ot adequate purification of the final solution 
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Although the isolation of nuclei of various types of cells dates back to 


h 
the work of Miescher (1) who in 1868 isolated pus cell nuclei by a rather 
drastic method, little work has been published in more recent times on 
the preparation of nuclei by chemical methods sufficiently mild to leave 
the proteins and enzymes undenatured. 

The work of Crossmon (2), Stoneburg (3), and Marshak (4, 5) has made 
t possible to obtain nuclei on a relatively large scale from normal rat liver 
ells or from rat tumor cells, in a pure state as far as separation from cyto- 
plasm is concerned. Such preparations are very satisfactory for use in 
vork on materials such as lipids or nucleic acid and acid-resistant nucleo- 
proteins, but they are of no use for enzyme studies or for work with sensi- 
ve proteins, since the methods of preparation all involve such a low pH 
that in general enzymes and proteins must be denatured. 

Since the work of Warburg (6), nuclei of bird erythrocytes have been 


vailable in relatively pure condition, but little if anything has been pub- 


shed on enzyme studies of these nuclei. “Two new preparations of nuclei 
bird erythrocytes are those of Laskowski (7) and Lan and Dounce.! 
Zittle and Zitin (8) recently have isolated nuclei of mammalian sperma- 
ozoa and have investigated the evtochrome oxidase activity of the nuclei. 
Evidently nothing has been done on the enzymes of isolated nuclei of fish 
spermatozoa, which have been available for a long time (9, 10). 
Nuclei of egg cells such as those of Arbacia punctulata can be prepared 


a special centrifugation technique worked out by Harvey (11) and Har- 


vev (12 Boell, Chambers, Glaney, and Stern (13) have investigated the 
vtochrome oxidase activity of the two half cells. The results of their 
vork are mineluded later in this paper, 


Behrens and collaborators (14) have published a method for separation 
nuclei from cereal germ cells, but in this case studies were made only 
on the types of nucleic acid present in cytoplasm and nucleus. Behrens 
has also been able to obtain nuclei from hepatic cells (15). The liver tissue 
s frozen and dried in the frozen state, followed by grinding and suspending 


Ina carbon tetrachloride-benzene mixture. ‘This suspension is centrifuged 


and the nuclei are concentrated in the bottom laver of the centrifuge tube. 


Lan, T. H., and Dounce, A. I inpublished data 
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Behrens reports that the nuclear concentrate obtained in this wav contains 
nearly as high an concentration of arginase as does the uppet evtoplasmiec 
laver, while the concentration of lipase in the nuclei is small compared to 
that of the evtoplasm 

\pplication of the method of Behrens to the preparation ol thymus cell] 
nuclei by Maver (16) does not seem to have vielded pure undam ip dl nucle} 

It should be noticed that by the method of Behrens nuclei are not pre 
pared in undamaged condition, since the lipid must have been extracted 
to a considerable extent 


Lazarow (17) has reported the isolation of cell nuclei of guinea pig liver 


bv foreing a finely ground liver suspension through bolting silk, but details 
are not given Che oxvgen consumption of the nuclei, when various sub 
strates were used, was studied 

Preparation of nuclei by micro dissection methods does not vield enough 


material for extensive chemical Investigation 


In the tollowing paragraphs there will be deseribed a method for pre 
paring cell nuclei of normal rat liver, which is believed to leave the enzymes 
and proteins undamaged (n account also will be given of the enzymes 


of these nuclei which so tar have been investigated 


EXPERIMENTAI 


Prepa ation of Nueli \ mixture ol roughly equal parts of eracked te 
and distilled watel Is In ide upton volume Ol SOO ec ind | OD er a! molar 
citric acid are added his mixt ire Is placed in a \\ uring blendor or othe 


suitable high speed mixer, and 100 @m. of frozen rat liver are added as 


rapidly as possible without stalling the blendot Che liver is frozen by 
placing it in the refrigerator unit, and it should be used as soon as it Is 
rrozen When all of the liver has been added to the mixer t mav be 
necessar to break up the mass of ground ie which wcumilates the top 


of the liquid and prevents proper mixing 


(ne now runs the mixer until all of the ice has melted his should 
require about 10 to 15 minutes, depending upon the room temperature and 
the mixer emploved Then the finely divided material is strained by 
gravity through two lavers of fine cheese-cloth containing about 20 threads 
per ¢m (As soon as the first piece of cheese-cloth is « loge i, if is removed 
and a fresh piece is substituted This is continued until all of the material 
has been strained Che cheese-cloth that has been used in this process Is 


squeezed out and the li pic is collected in a s parate be iker and 1s passed 


through fresh cheese-cloth into the already strained n terial In this 


\lirs nd ti, IS) } na ted that 1 ‘ r 
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wav losses are cut to a minimum. The whole process of straining is then 
repeated with four layers of cheese-cloth instead of two. This time the 
straining proceeds without difficulty. 

Next, the strained suspension is placed in 250 ce. centrifuge tubes and 
is centrifuged in an ordinary centrifuge for 20 minutes at a speed between 
1500 and 2000 R.P.M The speed is not critical. The nuclei, together with 
much eytoplasmie material, are thrown down. The supernatant is de- 
canted to the point at which the first line of demarcation between super- 
natant and loosely packed sediment can be seen, and the supernatant is 
discarded (‘are should be taken not to lose much of the loosely packed 
sedime nt Now the sediment is stirred very thoroughly with enough dis- 
tilled water to make a total volume of approximately 400 ec. Caprylie 
alcohol may be added to break foam. If necessary the material may be 
stirred in the blendor for a few seconds to break up lumps, although this 
procedure introduces foam. Following this, the suspension is centrifuged 
n 250 ce. centrifuge tubes for 15 minutes \luch less loosely packed 
sediment will now be found in the bottom of the centrifuge tubes. The 
supernatant is disearded, leaving the packed and loosely packed sedi- 
ment, which is stirred with about 400 ce. of distilled water and is centrifuged 
for 10 minutes in 250 ce. centrifuge tubes in an ordinary centrifuge. The 
sediment, which at this stage consists largely of nuclei, is washed with 200 
ee. of distilled water, and is centrifuged at moderate speed (1000 to 
1500 r.p.m.) for 5 minutes. The supernatant is discarded. The nuclei 
ue now. stirred with 200 ec. of distilled water, and are centrifuged at 
ower speed than betore and for only 3 minutes. In this way most of the 
party les finer than nuclei are left in suspension. The washing with 200 
ec. of distilled water and centrifuging for 3 minutes are now repeated 
twee Before the last centrifugation it is of advantage to pass the sus- 
pension of nuclei through four lavers of cheese-cloth. 

Now the nuclei are well stirred with about 100 ee. of distilled water, and 
ire allowed to stand in a 100 ee. evlinder for 45 minutes. The first 95 ce. 
of liquid, which contain most of the nuclei, are carefully decanted from 
the bottom 5 ee. which contain whole cells which have escaped being 
broken This bottom laver ts discarded. The nuclei are recovered from 
the first 95 ee. by centrifugation and are suspended in a small amount of 
distilled watel The final preparation is ot a light reddish brown color. 
This color is caused by the presence of a small amount of adsorbed hemo- 
globin, the removal ot which will be discussed later on. 

Discussio of VWethod——The method depends largely upon the adjust- 
ment of pH to a value between 6.0 and 6.2 by means of M/475 citric acid. 
\lueh of the work of breaking the cell membranes is done by the blendor. 
It is not known whether other acids can be substituted for citrie acid. 


N icleLl pre pared hy this method come trom several types ol cells, but 
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principally from he patic cells, since these cells predominate in whole liver 
\ representative sample of the nuclei, photographed without staiming, is 
shown in Fig. | 

It is possible to break the cells at a pl ot 6.5 or higher if one uses dis- 
tilled water or verv dilute sodium lhe xametaphosphate solution, but in 
such cases the nuclei themselves are rapidly disintegrated before they can 
he centrifuged off This does not occur when purified nuclei are treated 
in this manne) Qn the other hand, if one emplovs pl values from 4.0 


to 5.9, the ey toplasmic granules agglutinate so completely that they pack 


into a solid mass on centrifugation Separation of nuclet from such a mass 
of agglutinated granules is practically impossible. [If one uses a pl of 


Wee 
A) td 





3.8 to 4.0, beautiful nuclei can be prepared, but this pH is so low that en 
zymes and proteins sensitive to acid must be partly or entirely destroved, 
although the enzymes esterast ind catalase do survive this treatment at 
least in part 

Enzyme of 1 olated Nuvu Che main purpose of the following enzvm« 
determinations has been to compare the activities per dry weight of en 


zymes in the isolated nuclei with the corresponding enzyme activities pet 


drv weight of whole tissue It should be kept in mind that even if the 


concentration of a particular enzyme in the nucleus is as great as its con 
centration in whole tissu the total amount of enzvm«e present in the 


nucleus must be a relatively small fraction of the total amount present in 
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the cell, since the nucleus makes up only about 6 per cent of the total 
volume of a hepatic cell. 

All of the following enzyme determinations, without exception, have 
been carried out at 25°. 

Arginase—This enzyme was determined, somewhat roughly, as follows: 
lo 1.0 ec. of 1 per cent arginine carbonate (/ form), there was added 0.1 
ec. of a suspension of nuclei or whole tissue. For nuclei the concentration 
ol the suspension on a dry weight basis should be about 25 to 30 mg. per 
ec., and for whole liver about half this value. The mixture was incubated 
at 25° for a known length of time varying from 15 to 30 minutes. The re- 
action was stopped by adding 1.5 ec. of glacial acetic acid. Then 1.0 ce. 
of approximately 5 per cent xanthydrol in ethyl alcohol was added and the 
mixture was shaken and allowed to stand for at least 2 hours with inter- 
mittent shaking. The precipitated dixanthylurea was centrifuged down, 
washed twice with 50 per cent acetic acid, twice with water, and then was 
transferred to a crucible, dried in the oven at 100°, and weighed. The 
arginase activity per dry weight of nuclei or whole tissue was measured 
by calculating the monomolecular reaction velocity constant AK and dividing 
this by the dry weight of the tissue employed in the determination. The 
reaction as carried out above appears to be approximately monomolecular 
intil half the substrate is used up. The pH of arginine carbonate is sufh- 
ciently high to make the addition of buffer unnecessary in a rough deter- 


mination, as long as care is taken not to hydrolyze too much of the sub- 


By this procedure, the activity of arginase per dry weight of nuclei was 
found to vary from 40 to 50 per cent of the activity per dry weight of 
whole tissue. The value of A per gm. of dry weight averaged around 1.5 
for nuclei and around 3.5 for whole liver. The addition of manganese 
salts to the nuclei did not increase their arginase activity appreciably. 

Catalase—This enzyme was found to be almost lacking in activity in 
isolated nuclei, although the method of preparing the nuclei did not injure 
the catalase of the cytoplasm. Manometrie technique was employed in 
the determination, since too small an amount of catalase is present in 
nuclei to be determined satisfactorily by the titration methods. 1.5 ee. 
of 0.01 N H.Os in m/150 phosphate buffer of pH 6.8 were used as substrate, 
and to this was added in Warburg flasks 0.5 ec. of a suspension of nuclei 
or diluted whole liver suspension. The determination was carried out at 
25°. The ratios of the initial slopes of the oxygen evolution curves were 
used in calculating the ratios of the activities. The results of a deter- 
mination are shown in Fig. 2. The ratio of the activity of catalase per dry 
weight of whole liver suspension to its activity per dry weight in nuclei 
was found to be in the neighborhood of 2000: 1 
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[It seems very unlikely that catalase, which according to its precipitabil- 


ity with ammonium sulfate and organic solvents must be more insoluble 


than arginase, should be washed out of the nuclei in the process of isolating 
them, while arginase should remain 

Cutochrome Oxidase The evtochrom«e oxidase acti ity or ee l] nuclei ot 
fresh rat liver can be demonstrated q ialitatively with Pp phenvlene diamine 
as substrate if one adds a little evtochrome c solutiot \lanometric meas- 


urements of the increase in oxygen consumption in the presence of added 
evtochrome . with hydroquinone as substrate, showed that the nuclej 
possess cytocl rome oxidase activity. Chis activity is greatly diminished 
or abolished by the addition of buffered HCN lor isolated nuclei, these 


; +} +) +. t } ' 


manometric measurements indica e that the ar vity of eytochrome oxidase 


per drv we ight of nuclei is at least 50 or 60 per cent ol the activity of this 


enzyme per dry weight of whole liver suspension, when allowance is made 
for the fact that the eytochrome oxidase activit of isolated nuclei, kept 
\- ~ 
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il. It might be added at this pot that the (J do tor nuclei alone suspended 
le | 0.05 M phosphate buffer at pH 6.8 is negligible. In isotonic phosphate 
ng buffer at pH 7.4 the QO, is about 0.6 e.mm., and in distilled water about 
1.0 e.mm 
of In Arbacia eggs, Boell, Chambers, Glaney, and Stern (13) found a slightly 
iT different distribution of eytochrome oxidase than that reported above. 
s- | ‘They state that the increase in oxygen consumption upon the addition of 
(| p-pheny len diamine Is somewhat greater tor the lighter, nucleus-containing 
{ halves of the cell than for the heavie: pigmented halves. Stern (20) has 
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reported that the cytochrome oxidase activity of heart muscle suspensions 
is associated with granules ranging from 50 to 196 mu in diameter, which 
resumabdly come trom evytoplasm. 

The recent work of Zittle and Zitin, already mentioned (8), shows that 
the concentration of cytochrome oxidase in bull spermatozoa tails is about 
24 times its concentration in the nuclei of th spermatozoa, and that the 
concentration of this enzyme in the mid-pieces is about 12 times its con 
centration in the nucle 

Est Ls Semiquantitative determinations have been made by adding 


‘ 


U.1 ex Suspensions Ol whole tissue or nuclei to 5 ec. of water containing 
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0.1 ce. of molar ammonia-ammonium chloride buffer of pi 8.9, 0.2 ec. of 
methyl butyrate, and 2 drops of 0.04 per cent phenol red, and noting the 


lencth of time necessary fo1 the indicator to become completely vellow at 


25 In this wav tl ictivilty OF esterase per dl weight of nuclei was 
found to average about 50 per cent of its activity pe dry weight of whole 
liver suspension 


Apoenzyme of Lactic Acid Dehydrogenase*—This enzyme was present in 
nuclei, which showed an activity pel dry weight of about 40 per cent of 
the corresponding activity of whole liver suspension. The Thunberg 


1 1 


} 1 ‘ ’ 
technique was en ploved vith 2 per cent di-sodium iactate as substrate, 


buffered to pH 7.0 ith phosphate buffer. and with methvlene blu as 
hydrogen acceptor It was also necessary to add a small amount of co- 
enzyme I from veast, since without this the nuclei she ed negligible activ- 
itv. In determination of the activitv of whole liver suspensions, excess 


coenzyme | also was ada | since this was found to increase the activity 


of these suspensions materiall) Che coenzyme by itself had no measur 
ible dehydrogena u { 

| P p I} 5s enZ is ( I one sm T l ( t cated 
\ hich } ¢ »He pres¢ i! ciel il higher cones if Tie Than in whole 
fiscin The substrate emploved ll thy dete mimnations Ls disodium 


phenyl! phosphate In sodium Darbiturate according to the method of King 


and Armstrong 2] Che reaction as carried out is found to be of the 
zero orde! The pH of the determination was about 9.45 Che results 
were expressed in mg. of phenol liberated per mg. of tissue per hour. The 
activity per d eight of alkaline phosphatase in isolated nuclei was 
found to average about 92 per cent higher than the activity of this enzyme 
per dry weight of whole liver suspensio1 Blanks were incubated for the 
same length of time as specimens to which enzyme idded 

icrd Phosphatase—-Here the substrate employed agau is disodium 
phe nv] phosphate | rit se Ol th : i] trate n d termining eruni phos- 
phatase is dis¢ issed by Gutman a (;gutman (22 Atte iddition of the 
phenol reagent and filtration of the precipitated protel the quantity ol 
sodium carbonate added before the mixture was heated to develop color 
Wis adjusted so that the > Irie COM) ntensity ry nig Ol rie i \ ob 
tained in the acid phosphatase determinations as in the kaline phospha 
tase determinations 


be only about 25 per cent of the activity per di veight of this enzyme In 


whole liver suspension The ratio of acid phosphatase activit » alkaline 
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phosphatase activity in the isolated nuclei was found to be about 1.5. 
This is much lower than the ratio of the activity of acid to alkaline phos- 
phatase 1n Ww hole rat liver. Greenstein ef al. (23) reported the latter ratio 
to be about 6.2:1, presumably for Osborne-Mendel rats. We have found 
ratios as high as 13:1 for Wistar strain rats. We have not attempted to 
activate alkaline phosphatase in any manner in any of these determinations, 
but have analyzed the suspensions as soon as they were made. The addi- 
tion of toluene-ethyl acetate mixture to the whole tissue suspension, which 
was ground in a homogenizer that completely disrupted most of the cells, 
did not result in any increase in activity of the enzyme. 

One factor that might influence the ratio of the activity of acid to 


alkaline phosphatase in nuclei is the fact that although suspensions of 


whole nuclei were used in determining both alkaline and acid phosphatase, 
he high pH | in determining the alkaline phosphatase caused disrup- 
ion of the nuclei oO that possibly more complete dispersion of the enzyme 
oo10r 
2° AM 
ae € 6 
5. A values for whole liver and isolated nuclei; 
{ ) shatase in isolated nuclei; B = acid phospha 
( e phosphatase in whole tissue; D = acid phospha 
} ws indicate average values 
( than in the dete nation of acid phosphatase. In the latter de- 
rmination the nuciel ( ot broke nat the pH employed (5.0 " and the 
ictlol elocit ! e influenced by the rate of diffusion of the sub- 
nucle 
rig y \\ the results o ome Of oul phosphatase ce terminations ex- 
essed 1 of phenol liberated per mg. of dry weight of tissue per hour, 
vhen 5 i 1.1 pe eent disodium phenyl] phosphate, 5 ec. of buffer solu- 
tion, a LO.) ce yt ¢ zAvin uspension were incubated at Zo. For alkaline 
buffer, 2.3 per cent sodium barbital was used, and for acid buffer, 0.4 m 
cetat butt oO} I! 5.0 was emploved It is of interest that Willmer 
24) | eported that the chromosomes of dividing cells in tissue culture 
five a strongi\ OSIT1VE phosphatase test 
SIL 1 Dehy jenas This enzyme is generally found to be diffi- 


cult to separate from cytochrome oxidase. Stern for instance (20) found 


that the activity of suecinie acid dehydrogenase of heart muscle suspen- 
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sions was associated with particies ranging ! om 50 to 196 mu in diameter, 
whicl also Carrie d cy toel rome oxidase activit' 
With the I} inberg techni pu as well as with the Warburg technique 


with added evtochrome c, the activity of suecinic a id dehvd ogenase ol 





] } ] ] f } | ] . . y laeking 
isolated cell nuclei of rat liver was found to be negligibly small or lacking 

; ] I+} 1 +) , ilyl Ix |} lear , ‘ ; 1 ay ; : riomal 
entirely, although the enzyme could easily be demons ited e original 
Line | Ts T] ») att +} ? | ( if oO i " | i Pres It 
supernmatal OlULLON All i¢ ciel Wet { igead adow!l | 
Is the opposite ot the findings ol azarow Ly who has reported that the 
increase In oxygen consumption ol cell nuciel oi; gulnea pig i er in the 
Ty? | y t } +] ) } y ? 
presence oO ecini if | is great im thie rresponad it crease [to 
whole tissu 

/ epa f f P / j \ ( \l ic] tie tein of the 

w 4 9) 
nuciel ili GISSOlVe In O Der ¢ sod echioride so ti 6.0 to 6 ,. 
l@aving a residue ri t e cent red down out Lo.vu0U R.P.M 
In a cel ore { nigh speed attachment his re lue contains the 

. | 
Pr | 

Lilt 0 thie I { l Lad ss CO) iI! ) ( I ( ( l | oOcveln | 
LISO = nt ne ctlen orem ! ! ( l if { I clei 
eld na } ( t of hemogt ! I ! een we d by the 
nue ()y tanding thre ( one ( ut ¢ protem ol 
the ext ecipita Proteir o can be precipitated. togethe ith 
I F cid. | cia sor | T ion to DH 4.5 to 5.0 L his proten 

+ , + ; ; ; ; ’ ? 7 ] 

F ‘ nas 1 yt ‘ ‘ l ‘ v 1 to dete ati ( Con LMS all 
ol e enzvimit so tar found in the nuclei. but it does cor ill ( pNoenzvme 
eid del | enase nd este e and no do ntan most ol 
' 
Tirie {) ‘ 

Prepa f Nucl | f \ ( \ ( he protein extract 
les ed ove was dialvzed for 18 hour wall ero huffer of pH 
ROH \ precipitate wl h tormed centrituged o ()y eatment with 
; ar ee t sod chlo cit ito! } ot ti | T¢ ent into solu 

i ’ 77 
tion i he nigh eed cent ig = The! ised to re ( { thie INSOLUDK 

’ 
residue of denatured protein, and the eal ( t s added to 2 
olumes of aleoho \ nitate o ie sod dest ribonu- 

' , , , 
cleat vyhich tormed " enti red oft nd was dissolved ima s ial] 
mount of saturated sodium chloride ition and vain centrifuged 

’ ra ? 
in the higl eed centrifuge hye ear supernatant iain precipitated | 
1 ! ! 
ohol The precipitate dissolved in unt oO iter and 
’ 
he alcohol precip tion W epeated twice he od ! Lf xXVriponu 
. , , r 
cleate thus ol ned Gave nigni ISCOUS SOLUTION in rou i oncentra- 
tion of 0.6 to U t per cent This solution showed tream double etraction 
p | ! he | 
nd gave a strong Dische reaction with diphenvlamin Che absorption 
£ 
. 1 
spectrum in the ultraviolet region was determined spectrographically 


by Dr. L. T. Steadman of the Department of Radiology he absorption 
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spectrum, shown in Fig. 6, indicated that the material was relatively free 
from protein. With an approximate figure for the dry weight per cc. of 
the material obtained by drying 0.5 ec. of the solution, which had not been 
dialyzed, an absorption coefficient of about 1.8 was calculated, with the 
concentration expressed in gm. per ec. and the path length in cm. 

The value of the absorption coefficient of a sample of thymus sodium 
desoxyribonucleate prepared in this laboratory according to Hammarsten 
was found to be 2.1. When the two solutions of sodium desoxyribonu- 
cleate were ali isted in concentration so that the intensity of the absorp- 
tion at 2600 A. was Sie same, the material prepared from the isolated nu- 
clei gave a Dische reaction, measured in the photoelectric colorimeter, 
1 was about 10 per cent higher than the intensity of the Dische reac- 
tion given by the thymus nucleic acid. More work would be necessary 


to determine the exact cause of this difference. 


25; T T 
2 4 io, 4 
p/%, 

f _ 

J . 

x s% 

5 +— + a+ 4 
re $ t 
2 £ a) Sf 
2 . 
+ +0— 
£ ad 
a 
0.5 +5 + + 4 
J 
ri 
hy 
A 
Awe J i 
8 260 240 22¢ 
+ MU 


f sodium desoxyribonucleate from iso- 
Concentration, 0.0023 per cent approximately; path length, 5 em.; 


1.8 approximately, with concentration in gm. per cc. and path 


Removal of Hemoglobin from Nuclei—The nuclei as prepared by the 
method described in this paper are light reddish brown in color. owing to 
the presence of a small amount of adsorbed hemoglobin. This hemoglobin 
an be removed larg I vy one washing with Ringer’s phosphate solution 
t pH 7.4, and entirely by two washings. However, Ringer’s solution 

he nuclei to shrink and extracts relatively large amounts of protein 
even in the third washing. Only a trace i" nucleic acid appears to be ex- 
tracted. After three washings with Ringer’s solution, the nuclei still show 
strong reactions for most of the enzymes investigated. (Cytochrome OxI- 
dase appeal to be increased slightly ; acid and alkaline phosphatase, 
esterase, and arginase are relatively unchanged, and lactic acid dehydro- 
genase is still detectable but considerably diminished. 

Total Lipid of Nuel The total lipid was determined by extracting 
samples of nuclei, dried by the lyophile process, in a small continuous ex- 
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‘ | i i 
‘ f ! l } 4 | } ‘ 
tractor with a mixture of 3 parts of alcohol to 1 | Ol ¢ er, and weighing 
i = 
' ' , . . 
the extracted linid after evaporation of the solvent i » ae ninations 
} ‘ - 
of total lip on aitverent Ssampies ol oF {)} i |OS ‘ Per 
i } ‘ il 
+] ‘ ; . ] | 
Fu ner extraction ol the nuciel Wit! ro 1 { did not 
, , ' } ' P 

re ove any more pid Phe ipl ol the nuct 0 instable 
] t ] ] y y ’ ? 

SlnCe ( ICKI' Cie eLOoODs 1 oaor ol wal l 

I Cl its) 
} ri r ‘ { 

f 5 let | } »| + pet ’ mn + { » thaé 
O1 Iso0labed ¢ 1 nuck Ol i { ym . . } at 
the nuct contain evel I _ | ! CO?! entra 

| | 
y r 4 
/ f \ 
Arg ¥ ' 
{ 
( I 0 

A por f 
{| ) . 

\ i g ’ 
eu ia g \ 

( tor \ 

( ' 

Ribof 

tions It ome Vishne to ¢ ( ate rougt { ! tag ( { total 

amount of cellular enzyme that 1s present in the! Cu iat 0 tained by 

Marshak )) for the ratio of the nuclear volul tot I CCl ( ime can 

I 1 ‘ 

he used For hepatic « this was found by MM ( uit 6: 100 
— ' 1 4 - 4 1 
Che results ol ishing the nu el with Ringe! ! miri<«¢.4 vhich 
= ’ 

would bye expected TO ¢ ite ads roped protem and ( naeed does elute 

1 ] 

ad orbed he lo In { t tas to remove the enz ( ‘ t tis very 

unlikely nat the enzymes tound in tne uc re rbed trom 

, ' , = 
the ¢ Lol ~ \loreove i tne enz ~ ere is eq l probable 
' ' 
that the isorption could be so sper at tO exe j eat Se which 1s 
very easily adsorbed in the ordinary ) tol 3) | l 1! tne 
concentration ot most ol the enzvm«¢ rou to be pre | to he too 


° 1 ' . 
high to make adsorption appear plausible 
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It seems unlikely that much protein is lost from the nuclei in preparing 
them, since the last two or three washings, after being clarified in the high 
speed centrifuge, are almost protein-free. The pH of 6.0 to 6.2 used in 


the preparation is probab 


pecially in the presence ol nucleic acid. On the other hand, Ring- 


nuclei, es} 


ly favorable for the retention of protein by the 


rs to extract protein from the nuclei every time it is 


er’s solution appe: 


used to wash them. It may require much more work to decide whether 


’ 


any protein is extracted during preparation of the nuclei. 


In regard to certain constituents of relatively low molecular weight, it 
seems probable that they may be washed out in the preparation of the 
nuclei. For instance, coenzyme I is apparently absent, since it was neces- 
sary to add this material to obtain the activity of lactic acid dehydrogenase 
with isolated nuclei. We have found noevidence to indicate the presence of 
riboflavin in the nuclei Cytochrome c appears to be absent, since it was 
necessary to add it in order to obtain cytochrome oxidase. Moreover, we 
n unable to detect cytochrome c spectroscopically in isolated nuclei 
or extracts made from them, although we have tried many times. Cyto- 
chrome c is of such low molecular weight that it conceivably could have 
been washed out of the nuclei during their preparation. 
\ll of the work reported in this paper refers to Wistar strain rats. We 
have, however, prepared nuclei from Osborne-Mendel strain rats and as 
far as we have made comparisons have found no marked differences in the 


activities of the enzymes. 
In the future we hope to continue work on the enzymes of nuclei of nor- 


I ul 


mal rat liver and to extend the work to the nuclei of rat hepatomas. 


We wish to acknowledge the financial support of The International Can- 
cer Research Foundation of Philadelphia, Pennsylvania, which has made 
this work possible. Also we wish to thank Professor W. R. Bloor for his 


advice and encouragement throughout the course of this work. 


SUMMARY 


|. An improved method has been described for the preparation of 
normal rat liver in such condition that their enzymes and proteins 
are believed to be undamaged 

2. The enzymes arginase, cytochrome oxidase, esterase, lactic acid de- 
alkaline } hosphatase, and acid phosphatase have been found 


hydrogenast Dp! 


to occur in the nuclei in fairly high concentration. Catalase is extremely 
low. Suecinie acid dehydrogenase is very low or absent. Cytochrome c 
and coenzyme I also are low or absent 

given to show that the enzymes found to be present are 


> » 
3. Reasons are giv 


in the nuclei and are not merely adsorbed. 
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t. The sodium salt of a highly polymerized desoxyribonucleic acid has 
been prepared from the nuclei. Al 


5. The total lipid content of the nuclei was found to he between 10.5 


and 11.0 per cent. 
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ADENOSINE TRIPHOSPHATE IN MAGNESIUM ANESTHESIA* 


By Kk. P. DuBOIS, H. G. ALBAUM,f anp V. R. POTTER 


(F pm the Vi irdl Vemorial Laborator Ss Medical School. [ n versily of Wisconsin, 
Vadison) 


(Received for publication, December 12, 1942) 


Recent papers have given strong indication that myosin and adenosine 
triphosphatase may be identical (1-3) and have given renewed emphasis 
to the idea that adenosine triphosphate is the immediate source of energy 
for muscular work. One of the questions which immediately arises per- 
tains to the form and function of adenosine triphosphatase in tissues which 
do not contain myosin, since there is abundant evidence that adenosine 
triphosphate may be the immediate source of energy for endergonic reac- 
tions in other tissues besides muscle (4). Work on this problem is de- 
pendent upon the availability of supplies of adenosine triphosphate. The 
present paper is an attempt to improve existing methods for the isolation 
of this compound, and, what is perhaps equally important, provides a 
possible explanation for the phenomenon of magnesium anesthesia (5). 

Heilbrunn (6) has suggested that magnesium anesthesia might be due to 
. replacement of caletum by magnesium in “some clotting reaction essenti- 
ally similar to the surface precipitat ion reaction,”’ since it is well known that 
calcium will reverse the magnesium effect and restore consciousness to an 
nimal anesthetized with magnesium. Although specific catalysts could 
not be identified at that time, Heilbrunn did show that isolated muscle 
fibers contracted progressively in CaCl, solutions but failed to contract in 
MgCl, solutions of the same strength. The recent work on myosin showed 
that calcium is a specific activator of the adenosine triphosphatase (myosin) 
ystem (3) and that magnesium inhibits this action (7). It was therefore 
ogical to postulate that, in the animal anesthetized with magnesium, the 
muscles are unable to contract because calcium is blocked away from 
uenosine triphosphatase by the chemically similar magnesium ion and 
that a much higher yield of adenosine triphosphate should be obtained 
from the muscles of a magnesium-treated animal than from an untreated 
animal. The experiments presented below support this hypothesis, and 


the results show further that the same effects are obtained with brain tissue. 


Chis work was aided by the Jonathan Bowman Fund for Cancer Research. 
+t National Research Council Fellow in the Natural Sciences, 1942-43. 
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EXPERIMENTAL 
Methods 


The effect of magnesium and calcium on the adenosine triphosphatase 
activity of tissues was determined by measuring the quantity of adenosine 
triphosphate ATP) in the tissues after the speci il treatment Both rats 
and rabbits were used, and the ATP was measured both by analvsis and 
by actual isolation. In both cases, the procedure described by Needham 


2 was used For the isolation, this prose “dure was follow d almost 
exactly, except that a Waring blendor was used to disintegra 


; 


the tissue. 


and it was found necessary to increase the amount of water in Lohmann’s 


reagent 3-fold to obtain solution. For the analytical experiments, the 
same procedure was followed as far as but not including precipitation as 
the mercury salt. Tissue samples weighing approximately 1 gm. were 
removed from the animals and dropped into homogenizer tubes containing 
10 per cent trichloroacetic acid hey were then ipidly disintegrated 
with a motor-driven stainless steel pestle Che ATP was then determined 
on the basis of the increase in inorganic phosphate after 7 minutes hy- 
drolysis in normal HC! at 100°. In one experiment, the 7 minute phos 
phorus was measured directly on the trichloroacet eid filtrate Phos 
horus was determined by the method of Fiske and S ibba Vv (3 In the 
case of the actual isolation of ATP, the material isolated was tested for 
purity on the basis of 7 minute phosphorus and on the basis of the ratio 
of total organic phosphorus to 7 minute phosphorus. For pure ATP, this 
ratio is 3.0:2.0 

Analytical Studies—Preliminary experiments were done to determine 
the amount of magnesium needed to produce anesthesia \ solution of 
MgS0O,-7H.O was made up to contain 25 per cent MgSO,. Various 
amounts were injected intraperitoneally, and 900 mg. per kilo were chosen 
as the proper initial dose. In some cases, this amount of magnesium failed 
to produce complete narcosis, and additional small amounts of magnesium 
sulfate were injected until cardia failure resulted he animals were then 
quickly decapitated; a sample of muscle and the entire brain were removed, 
weighed, and dropped into prepared homogenizer tubs Parallel experi 
ments were carried out with decapitated untreated animals and, as an addi 
tional control, with animals anesthetized with ether. since in t untreated 
animals the lowered ATP content might be attributed to the muscular 
contractions which occurred during decapitation Che results shown in 


Table I suggest that both muscle and brain from magnesium-treaté d ani 
mals contain more ATP than do the tissu from animals hich have not 
been treated with magnesium In Iexperime } 2, e ethe anesthesia 


was maintaned for exactly the same length of tims the magnesium anes- 
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thesia. In Experiment 4, the higher amount of ATP in every case is 
probably due to the omission of the extra manipulation involved in the pre- 
cipitation of the barium salts. Bailey (3), on the basis of experiments 
with myosin, concluded that the calcium ion is a specific activator for 
adenosine triphosphatase. His observation led us to carry out the addi- 
tional tests shown in Experiment 4, Table I. In addition to the determin- 
ations of ATP on the muscle samples from the various animals, an aliquot 
sample of muscle was minced and placed in a small volume of 0.05 per cent 
CaCle. <A like sample of the muscle was placed in water. After 10 min- 
utes incubation, the small pieces of muscle were removed from their respec- 


TABLE I 

ide? e Triphosphate Content of Rat Muscle and Brain in Magnesium Anesthesia 
I ATP per gm. fresh tissue 

- Tre ent 

Muscle Brain 
micromoles | micromole 
Decapi 1.1 0.06 
Ethe 1.3 0.09 
Magnesium, death in 40 min 3.0 0.23 
2 1) l 2.0 0.07 
Eth sthesia maintained 10 min 3.1 0.06 
Magnesium, death in 10 min 4.2 0.16 
} De itate 2.0 0.06 
ther 1.0 0.11 
Magnesium, death in 10 min 3.2 
= 1.9 0.25 
Le i ( 6.2 
calcium-treated 3.0 
| 4.3 
lcium-treated 2.9 
Mag I eath in 30 n., control 8.5 
0 leium-t ed 5.4 
Analysis carried t directly on the trichloroacetic filtrate 
tive solutions and homogenized in trichloroacetic acid, and 7 minute phos- 
phorus was determined on the filtrates. It is apparent that incubation in 
the calcium solution caused a decrease in the amount of ATP in every case, 
in accordance with Bailey’s statement that calcium activates the break- 
down of ATP by the muscle enzyme. 

The above experiment (No. 4 in Table 1) was confirmed and extended by 
an experiment with rabbits, on heart and diaphragm in addition to skeletal 
muscle. In this instance, the tissues were homogenized directly in magne- 
sium sulfate or caleium chloride (0.1 per cent). This was done in the case 


of a magnesium-treated animal and a normal untreated animal which was 
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killed by a blow on the head. The results (Fig. 1) show, first, that the 
tissues vary considerably in their ATP content, skeletal muscle possessing 
most, diaphragm less, and heart muscle least; second, that the tissues Irom 
the magnesium-treated animal contain more ATP than do the corre- 
sponding tissues from the control animal; and third, that calcium in all 
cases decreases the ATP content of the untreated tissues in comparison 
with those homogenized in a solution containing magnesium 

Isolation of Adenosine Triphosphate from Rabbit Musel rhe analytical 
data indicate that skeletal muscle from magnesium-treated animals con- 
tains more ATP than muscle from untreated animals or from ether-anes- 
thetized animals \ cordingly, larger scale experime nts were carried out 
in which ATP was isolated from the skeletal muscle of rabbits \ total 


of eleven rabbits was killed, and ATP was isolated from then skeletal 


L i f ook oe 


Must le . Phe result ire re ported in lable I] i ach sample Was dried, 
weighed, and then analyzed for inorganic, total, and 7 minute phosphorus 
From the data so obtained, the weight of barium adenosine triphosphate 
was calculated on the basis that it contained 4 moles of wate pel mole of 
ATP Lohmann and Schuster (9) reported 4 moles of water and pointed 
out that the amount of water depends upon the method of drying. Need- 
ham (2) reported 6 moles of water. Our purest preparation contained 99 
er cent ATP if 4H.O and 103 per cent ATP if GH.O; the latter therefore 
was ruled out Che ratio of total organic phosphorus to 7 n nute phos 
phorus is also re port din Table II The results are in harmony with the 
preliminary analytical data and support the conclusion that magnesium 
anesthesia mav be due to the inability of the tissues to obtain energy by 
breaking down ATP and suggest that higher vields of ATP may be ex 


pected from magnesium-treated animals than from untreated animals. 








th, 
] ] 
lar calculations 


\), the amount actually isolated is 2.56 gm. per kilo as compared 
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The data in Fig. 1 were obtained from Rabbits 3A and 
The amount of ATP actually isolated from the magnesium- 


Table II. 


treated animal 
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Rabbit 3B) was 3.51 gm. per kilo of muscle. 
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3B reported in 


When the 


analytical data for this animal are calculated from the results in Fig. 1, 


TABLE II 
Iso y f Adenosine Triphosphate 
R I I 
LA Killed, untreated 3 
IB Injecte 1 with Meso, 700 meg pel 3 
died in 10 min 
( Injected with MgSO,, 500 mg. pe 2 
lied in 18 mir 
2A Kill i, untreated 3 
2] [nj ith MgSO,, 500 mg. per 3 
kil ter 20 min., additional 125 
g. | ifter further 10 min., 
25 g. per Kilo fter further 10 
175 mg 1 lo leath fol 
mmed r 
\ IKi I ited o 
Ty vith MgSO 500 mgs pel ) 
20 mu iditi il 125 
y deat l 5 
\ I ‘ el 3 
| Injec h MgSO 100 mg. per ; 
1 in 12 n 
I h MgsSO,, 200 n pel 3 
0 iditional 200 
ru il 15 n 
) h MeSO 250 mg 4 
30) I ld 250 
() 
\ve yg t S 
mag ( 
* iy gnes ils, paralysis 


\TP content 
are 


Rabbit 3. 


supplied by I 


from Rabbit Muscle 

Yield 

anic P| BasATP-4H:0 BazATP-4H20 

P in product per kilo 
fresh muscle 

per cent gm 
5:2.0 96 1.55 
1:2.0 8] 2.10 
9:2.0 Ye 2.é4V 
1:2.6 94 1.67 
2:2.0 99 1.86 
9:2 0 &9 2.56 
> a OO 3.51 
0:2.0 S3 1.85 
:2.0 SQ » 24 
1:2.0 4D 2.94 
2.0 ‘| >. 16 
1.91 
2.64 

oecurred soon after the first in- 


rr. W 


is calculated as 3.57 gm. per kilo of muscle. 


with only 1.54 gm. per kilo calculated from the analysis. 


W. Umbreit and Mr. G. A. 


When simi- 


made in the case of the untreated normal animal 


The low figure in 
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the latter experiment is explainable on the basis of loss during homogeniza- 
tion of the sample in the magnesium solution before the magnesium actually 
reached the adenosine triphosphatase; in the case of the magnesium- 
treated animal, the magnesium had already reached the adenosine triphos- 
phatase before the animal was killed, and homogenization in magnesium 
solution merely prevented loss of magnesium. In the tissues from which 
the ATP was actually isolated, the homogenization was carried out directly 


in trichloroacetic acid. 
SUMMARY 


l. Higher yields of adenosine triphosphate were obtained from the 
muscles of magnesium-anesthetized rabbits than from the muscles of un- 
treated rabbits. 

2. It was suggested that in magnesium anesthesia the magnesium ion 
may compete with the calcium ion for the surface of adenosine triphospha- 


tase and thus prevent the breakdown of adenosine triphosphat« 
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DETERMINATION OF CALCIUM BY PRECIPITATION WITH 
PICROLONIC ACID AND POLAROGRAPHIC MEASUREMENT 
OF THE RESIDUAL PICROLONIC ACID 
By GUNTHER COHN anp I. M. KOLTHOFF 


j fhe wel f é 4 /. ly é ly of V nnesota, VW nneapol s 
I blic ition, November 13, 1942 
The use of picrolonic acid for the determination of calcium has been 


lescribed by several authors. All methods involve a separation of the pre- 
ipitated calcium picrolonate, Ca(CyH7OsN3)2-2H20, from the supernatant 


quid. The calcium picrolonate formed is subsequently determined either 
lirectly or indirectly In the direct methods it is weighed or determined 
colorimetrically (1) or as carbon dioxide after combustion (2). In the in- 
urect iv the amount of picrolonic aci | left in solution is determined volu- 
metrically by titration with methylene blue (3). In a subsequent paper the 


method will be discussed in greater detail. In the direct methods a 
e excess of picrolonic acid (10-fold or more) is added and the precipitate 
s separated after 3 hours or a long¢ r time of standing. The filtration or 


the centrifuging n involve difficulties when no well shaped crystals are 
ormed, and also the washing may cause errors, since calcium picrolonate is 
ppreciably solubl In the method described in this paper the calcium is 
precipitated witl elatively slight excess of picrolonie acid, the excess of 
eagent being determined polarographically without filtering the precipitate. 
In this way errors due to incomplete separation by filtration or to solution 


Ol part Ol the precipitate are ay olded On the other hand complete precipi- 
tation of the calcium requires a relatively long time of standing (usually 


overnight), since only a slight excess of reagent is used in the precipitation. 


Calcium chloride solution \ 0.1004 m stock solution of calcium chloride 

is prepared by dissolving 14.7 gm. of CaCle-2H20 in water and diluting 
tolliter. The concentration of the solution was found by precipitating the 
calcium with sulfuric acid in 75 per cent alcohol and by weighing the cal- 
cium sulfate formed. The other calcium solutions used were prepared by 
liluting the stock solution. 

Picrolonic acid. Saturated solutions which are about 0.01 M were pre- 


pared according to Dworzak and Reich-Rohrwig (4) by heating a sufficient 
amount of picrolonic acid reerystallized from 33 per cent acetic acid with 
water on a steam bath for 1 day and by filtering after cooling to room tem- 
perature. When the filtration was carried out after some days of standing, 
the solution remained clear for a long time and did not change its concentra- 
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706 POLAROGRAPHIC DETERMINATION OF CA 
tion as determined by titration with sodium hydroxide. Che titration was 
carried out with 0.1 mM carbonate-free sodium hydroxide which was added 
to the picrolonic acid solution from a micro burette with phenolphthalein 
as indicator. ‘The end-point is sharp and the vellow coior of picrolonate 
The first 
had an initial molarity of 0.01042, which had changed to 0.01035 Mo after 14 


days The second had ;: 


ions dor S not intertere ‘Two standard solutions were prepart d. 


molarity of 0.0100 which remained the same after 


months ol standing Che solutions were ke pt In flasks Ol Pyrex glass, 


\\ he n ke pt In ordinar. glass containers, some ol the ni rolonic acid precipi- 


tated on standing by reaction with calcium dissolved from the glass. The 


other solutions of picrolonic acid used were prepared by diluting the stock 


solutions. 
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Since the determination of caleci is based on the polarographic 
measurement of the residual oncentration of piere lonl acid, current- 
voltage curves of picrolonic acid were determined with the dropping mer- 
cury electrode nder various conditions The purpost s to find media 
in which the diffusion current was well defined and proportional to the con- 
centration. Che processes occurring in the reduction ot picrolon acid at 
the dropping mercury electrode will be discussed in connection with a study 
of the polarography of nitro compounds which is now being carried out in 
this laboratory. In the present paper only observations of interest for 
analytical applications of the waves of picrolonic acid are described. A 
pool of mercury in the electrolysis cell served as the anode In 0.1 mM potas- 


sium chloride at a mercury pressure ol il em. the characteristics of the 
capillary used were, at 25°, as shown in Table I 

In Fig. 1 current-voltage curves of picrolonic acid in potassium or lithium 
chloride solutions are shown. From these curves it is apparent that the 


presence of a maximum suppressor Is necessary, and that camphor is espe- 
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cially suitable, while gelatin and thymol are less effective. In the presence 
of camphor (Curve 3) two distinct waves were obtained. The first one was 
horizontal at an applied r.m.F. between —1.0 and —1.3 volts, the second 
one at an applied £.M.F. more negative than —1.4 volts. The solutions 
used in Fig. 1 were unbuffered. The appearance of the waves found in such 
solutions is greatly affected by the large change of pH close to the electrode 
during the reduction of the picrolonie acid. 

Since calcium is precipitated from acid medium, a study was made of the 
current-voltage curves of picrolonic acid in acid solutions. In the presence 
of acids camphor was no longer the best maximum suppressor, gelatin being 
found much more efficient in this respect (see Figs. 2 and 3). In acetate 


buffers ot pH 3.6 to 3.8 and in the presence ol gelatin two waves were again 
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tions of picrolonie acid (Fig. 3). On the other hand the second wave 
ded a well det ff " which remained practically const: 
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it applied E.M.F. values of between 1.0 and 1.2 volts. The height of 
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from about 0.02 to 0.1 per cent, the value of the diffusion current de- 


I 


creased by about 9 per cent 

In acetate buffers of pH 3.6 to 3.8 the presence of gelatin is not necessary 
for obtaining well defined diffusion currents. This is shown by the current- 
voltage curves in Fig. 5 The waves are similar to those obtained in the 


presence oO! ge latin, the first wave being badly defined, the second wave 


being well defined but showing a maximum. Under these conditions a 
































708 POLAROGRAPHIC DETERMINATION OF CA 
constant current is found at an applied F.m.r. of be l.loand —13 
volts. The measurements reported in Table II and als esults of eal- 
cium determinations reported below show that the heig vave at 
E. 1.2 volts is proportional to the concentration of picrolonic acid in 
the absence of gelatin and is not affected by changes in the entration of 
po 
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A, 0 HAc, 0.0125 uw LiAc, 0.1 m LiCl; Buffer B, 0.05 m HAc, 0.0063 
Lite. 0.05 Lit 
D . , Microamperes 
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n the subsequent polarographic determination. Most alkali picrolon- 


M picrolonic acid solution which 








710 POLAROGRAPHIC DETERMINATION OF CA 


was 0.1 mM in alkali chloride or in magnesium chloride vielded, alter stand- 
ing overnight in the ice box or in a cool room (at about 10°) considerable 
precipitates with Nat, kt, NHyg*, Mg**, while the solution remained clear 
with lithium chloride. When the solution was only 0.0625 m in sodium 
chloride instead of 0.1 M, it also remained clear. Since calcium picrolonate 
crystallizes slowly, considerable errors may occur when the concentration of 
alkali ions is too large Lithium picrolonate being the most soluble of the 
alkali salts, the following buffer mixture was used: | m lithium chloride, 1 w 
acetic acid, 0.125 m lithium acetate (pH 3.6 to3.8). This mixture, abbrevi- 
ated in the following as “buffer,’’ was diluted about 10 times in the actual 
reaction medium 

For the determination of the solubility of calcium picrolonate pure crys- 
tals of this salt were added to the solutions given in Table III After 


standing overnight at 20 and occasional shaking the concentrations of 


Pas.e II] 
Q y ( ] nate EK rce / i 
\ ! lO ~ buffer in 100 ml 
MN 
ee. {) } 5.6 
9 59 {) » 45 vy He .2 
>. 175 0) 6.56 10 0.64 , 0 
1.085 10 OSS 0 () ¢ 
> () 7a) {) () 
9 5O ‘) 2 54 ‘) ‘) 


picrolonic acid were determined polarographically at 20° without filtration. 


The solubility of calcium ple rolonate is appreciable The value found in 
the buffer alone was 2.41 K 10-' mM Cat**, or 9.6 mg. of Ca per liter. This is 
In agreement with the value of 9 mg. of Ca pel liter at 21° in wate given 
by Dworzak and Reich-Rohrwig (4 The solubility product was caleu- 


lated with the assumption that the picrolonic acid is completely ionized in 
the buffer used Krom titration curves of picrolonic acid with sodium 
hydroxide with the glass electrode it appears that this assumption is justi- 
fied. It is seen that the solubility product Cat picrolonate ion is of 
the order of 5 & 107" at 20 No calculations of the product have been 
made from experiments in which the concentration of picrolonic acid was 
greater than 0.001 m The solubility of the calcium picrolonate then be- 


comes so small that the experimental error in its indirect determination 1s 


too great to pe rmit a reliable value of the solubility product to be caleu- 
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lated. From the analytical view-point it is significant that the solubility of 
calcium picrolonate becomes negligibly small when the excess of picrolonic 
acid is equal to or larger than 1.5 K 10°-* mM. Fig. 6 (Curve 2) shows the 
solubility of calctum picrolonate in a given excess of picrolonic acid in the 
buffer solution diluted 10 times. In the actual calcium determinations the 
excess of picrolonic acid used was of the order of 1 to 2 K 10-° mM. The 
solubility of calcium picrolonate in 1 X 10-* Mm picrolonic acid is 2.6 K 107° 
Ca. ‘Thus when in a calcium determination a final concentration of picro- 
lonie acid of 1.05 X 10-* mM was found, the concentration corresponding to 
the amount of unchanged picrolonic acid in the solution was (1.05 — 
0.05) X 10° M or 1.00 K 10-° M. 
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Di lermination of ( ‘ali num a Abse nee of Tnte rf ring Substance 8 


Since the crystallization of calcium picrolonate is slow and the solubility 
appreciable, an amperometric titration was not feasible. The determina- 
tion must be carried out by adding an excess of picrolonic acid and measur- 
ing the amount left in solution. In order to add the appropriate amount of 
picrolonic acid to an unknown solution the calcium content of the solution 
should be known approximately. The approximate value of the calcium 
concentration can be obtained by noticing the time required for the first 
appearance of a precipitate of caletum picrolonate when the solution is 
mixed with buffer and picrolonic acid Some results of such experiments 
at 20° are given in Table LV. The time for the appearance of the precipi- 
tate is increased more or less by the presence ol other substances. Hence 


the test must be carried out with unknowns and standards of corresponding 
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composition The approximate determination of the calctum content can 


also be carried out by adding oxalate solution to the reaction mixture and 
by comparing the turbidity with that obtained with standards It was 


found that the turbidity was not affected by the presence of 0.25 M potas- 


sium chloride in calcium solutions over a concentration range of from 1.5 


to 10 X 10°* mM. When the calcium solution was 10-° mM, the turbidity was 
considerably weaker in the presence of 0.25 mM potassium chloride than in the 


absence of potassium chloride. 


Determination of C'alcerum Table \ contains the results ot determina- 


tions of calcium in solutions, the concentration of which varied between 
10 and 10 M \fter the solutions had stood overnight in a cool room 
about 10°), the amount of picrolonic acid left was determined at 20 polaro- 
graphically (/ 1.2 volts) either by using the method of an “internal 
standard” or by running calibrations between determinations The se pro- 


cedures were used in order to take care of any fluctuations of the capillary 


ras 1\ 
] | ne , ( j 
Pol solution, 0.3 nd 21 fF O.OL nic acid 
ded (20 
Vi 
oo A)-25 8 
0.005 \! 
0 008 ) 
0.002 2 n 
0 OO} 2-5 I 
constant over longer periods of time (5 The first eleven experiments show 
that calcium in a concentration range between 0.01 and 0.001 mM can be de- 
termined with an accuracy of | or 2 per cent. [experiments 12 to 15 illus 
trate the influences of the temperature at which the samples are Kept ove! 
night When the temperature was about 15°, the precipitation from 0.001 


M calcium solution was not complete When, on the other hand, the 0.01 


vas placed overnight in the ice box, the results wer 


uw calcium solution 
consistently hig When the concentration of caletum was 5 &* 10°° mM on 
ioht ee hox 


less, correct results were found after standing overnig In the 


From the practical point of view it Is most convenient to keep the mixtures 


overnight in an ice box Under these conditions good results are obtained 


LO M calcium When the concen 


with concentrations of from 1 to 5 x 


tration is larger, we recommend that the mixtures stand overnight at a tem- 


yp rature ot 10-20 


The precipitation requires considerable time, dependent on the calerum 


concentration and on the presence Ol other salts Keven from a pure 0.01 M 
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calcium solution the crystallization is still incomplete after 4 hours of 


standing at 20 For this reason it is recommended that the mixtures 
always stand overnight 

The determinations of calcium were found to be well reproducible when 
the picrolonic acid used had been recry stallized from 33 per cent acetic acid, 
\\ he n the pi rolonic icid, in addition, also had hye en recry stallize d trom 95 
per cent ethanol, a disturbing effect was observed. ‘The crystals of the pre- 


cipitated calcium pi rolonate vere not so well developed as the crvstals 


obtained with picrolonic acid re ervstallized from acetic acid only With 
the solution of picrolonic acid recrystallized from alcohol correct results 


were obtained in the determination of 0.001 and 0.01 mM calcium solutions 


In the determination of 0.0025 m calcium solutions, however, the calcium 


content was always found 7 to 8 per cent low, corresponding to an appa 
ently abnormally large diffusion current ot the residual picrolonic acid \t 
this calcium concentration part ol the precipitate was in aslimy form The 


eTTo! VAS eliminated by filte ring thy suspension ol ealeium pi rolonate 


ass crucible before the polarographi 


through a sintered g! determination. 
Hence, it appears that under the working conditions the suspended calcium 
picrolonate contributed to the measured diffusion current It is, therefore, 


recommended to recrystallize the pi rolonic acid only from 33 per cent 


acetic a id 


Determination of ( ale aL ) lnknown Solution Phe result Ol the 
determinations of three unknown solutions are reported in order to illus- 
trate that the procedure yields reliable results. The preliminary test ear- 
ried out with 1 ml. of solution, 0.3 ml. of buffer, and 2 ml. of 0.01 M picro- 


lonic acid gave the results shown in Table VI. On the basis of these figures 


determinations were made in which the mixtures were kept in an ice box 


overnight Fable VII The molarities were, Sample 1, 2.71 &K 10 M; 
Sample 2, 5.02 K 10°-° mM; Sample 3, 3.36 &K 10° M rhe results show that 
for most practical purposes one determination ts sufficient 


Determination of Caleiiw Presence of Na, Kh, NH, Mg, SOs, and PO, 


Alkali metals and magnesium interfere when present in large concentra- 


tions because of the limited solubility of their picrolonates. Sulfate and 
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found a solubility of magnesium picrolonate corresp nding to 8.45 mg per 
liter at 20° in the undiluted buffer The supers turated solutions of magne- 

im picrolonate are not indefinitely stable. When to 5 ml. of 0.01 M mag- 
nesium chloride 1 ml. of buffer and 10 ml. of 0.01 m picrolonic acid were 
added SOTTLC precipitate had appeared the next day wout 24 hours later 
Nevertheless even a large excess of magnesium does not interfere in the 
letermination of calcium 


Che results of determinations in presence of Na, Kk, N Hy, Mg, SO,, and 


PO, are given in Table VIII. The samples were kept overnight in a cool 


room (about 10 unless otherwise stated 


Influence of Cations—The concentrations at which alkali and magnesium 
interfere depend on the final concentration of these cations in the mixtures 
and on the excess of picrolonic acid used In general the concentration of 


alkali or Ol magnesium in the sample after addition of buffer and ot picro- 


lonic acid may be 0.05 to 0.06 m Actually the concentration may be 
greater In many cases (for example in Experiments 3, 14, 25, 26, Table 
Vill \ 0.01 m caleium solution which was 0.25 mM in potassium chloride 
Kxperiment 7) could be determined because the mixture became sufh 


(On the other 


ciently diluted after addition of buffer and pi roloni 
hand the determination of 0.001 Mm Ca in 0.25 uw KC] xperiment 10 


became highly erratic because of the precipitation of potassium picrolonate 


\t this small calcium concentration the volume of picrolonic acid added did 
not dilute the solution sufficiently to prevent precipitation of potassium 
picrolonate ly Kxperiments 25 ind 26 made in 0.25 mM sodium solution the 
letermination of 0.001 M calcium was correct, since the excess of picrolonie 
hee i ed Vi only 15 micromoles, but when the CACCSS was 25 micromoles 
experiment 27) a strong interference by the precipitation of sodium picro- 
lonate was found Chis was not the case when the sodium concentration in 
the beginning was only 0.1 mM (Experiment 6 Potassium and ammonium 


nteriere more than magnesium 
The incomplete precipitation from 0.001 mM calcium solution at 15° again 
s shown in Experiment 5 which corresponds to Experiment 12 in Table \ 


K’xperiments 22 and 23 again show that the determination of 0.01 M caleium 


nignt 
Influence of Anion Phosphate when present in a concentration of 0.25 
M did not interfer With 0.25 m sulfate a slight interference was found, 


undoubtedly due to coprecipitation of calcium sulfate (IEexperiments 30 to 


52 Interference did not occur when the sulfate concentration was 0.15 
Mo whiel tillis a lara excess with respect to the caletum concentration 
Quite generally, then, the method vields good results in the determination 


0.001 to 0.01 M calcium solutions even when the concentrations ot kali, 


tt 
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magnesium, sulfate, and phosphate ions are from 10 to 100 times larger 


than that of the calcium 
Proce dure 


Determine the approximate calcium content of the sample by a prelimi- 
narv test as described above (dd a quantity of buffer solution (1 M acetic 
wid, 0.125 m lithium acetate, | mM lithium chloride) such that it becomes 
about 10 times diluted in the final mixture. Add such an amount of 
standard 0.01 m picrolonic acid to 5 to 10 ml. of the unknown that the con- 
centration of picrolonic acid after completed precipitation becomes at least 
0.001 mM. The amount of picrolonie acid added shall not exceed the 4-fold 
molar concentration of the calctum. Keep the mixtures overnight in an ice 
box when the caleitum concentration is equal to or smaller than 5 & 107? M. 
When the calcium concentration is greater, keep it at room temperature 
not above 20°). The residual concentration of picrolonic acid is deter- 
mined without filtering polarographically at 20° at a cathode potential of 

1.1 volts versus the saturated calomel electrode or when a mercury pool 
anode is used at an applied £.M.F. of —1.2 volts. The picrolonic acid solu- 
tion prepare d from the reerystallized product is standardized by titrating 
with carbonate-free 0.1 mM sodium hydroxide with phenolphthalein as indi- 
eatol 

(Acknowledgment is made to the Carnegie ( ‘orporation of New York for 


i grant which enabled us to carry out the present study. 


SUMMARY 


!. Caletum can be determined in a concentration range of from 0.001 to 
0.01 m by precipitation as calcium picrolonate with an excess of standard 
picrolonic acid solution. The excess of reagent is determined polarographi- 
cally without filtering the solutions The method is accurate within 1 to 2 
per cent 

2. The method vields good results in the presence of relatively large 
umounts of Na, K, NHy, Mg, sulfate, and phosphate in the solutions. 
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MIVE RELATIONSHIP BETWEEN 6-HYDROXYBUTYRIC 
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KKetosis that is caused in healthy individuals by fasting or by a carbo- 





hydrate deficiency in the food readily subsides in a few hours after the 


dh 
idministration of carbohydrates. When, as a result, ketonuria diminishes, 
8-hvdroxybutyric acid disappears from the urine more rapidly than aceto- 
wetic acid; as Kennaway expressed it (1), the 8 ratio, (100 * 8-hydroxy- 

but yrie acid total ketone bodies), gradually decreases. This observation 
several earlier workers (1, 2) was confirmed in part in our laboratory. 

Since it is possible, however, that interconversion between acetoacetic acid 
ind 6-hydroxybutyric acid may take place in the kidney s, we followed the 
hanges of the 8 ratio not only in the urine but also in the blood. In view 
ervations that in the postabsorptive state the ketone bodies are 
inevenly distributed between corpuscles and plasma and, furthermore, 

| that the distribution of acetoacetice acid and of 8-hydroxybutyrie acid shows 
bstantial differences (3), we have studied all of these relationships during 


f recession of ketosis resulting from carbohydrate feeding. 


ne process oO 


Health TT] Subse cts 


tions on non-diabetic k« tOsIs, thftee healthy young men were 


or observation 
isted for 62, 38, and 64 hours, respectively. All of them showed marked 
etonu the end of the fasting period \t this point blood samples 
ere ¢ ned directly before and at hourly intervals after the administra- 
on of 100 em. of glucose Che ketone bodies were determined in whole 
lood and in plasma by a procedure outlined in a preceding publication 
fhe values for the corpuscles were calculated from these analytical 


lata and the cell volume 
he data presented in Table I show that, as previously reported (3), 


the corpuscles contain considerably smaller amounts of ketone bodies than 


loes the plasma; in our three subjects the concentration in the plasma was 
from 2 to 3 times as high as in the cells. The administration of glucose, 
nowevel effected changes in the distribution. Thus in Subject 1 the distri- 
ition ratio (ketone body concentration in the cells ketone body concen- 
uf in the plasma), which in the fasting state was 0.39, rose to 1.06 


the Helen Yonkers Research Fund. 
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during the 3rd, and to 4.50 during the 4th hour after glucose feeding; that 
is to say, the ratio was inverted, and the concentration of ketone bodies in 
the corpuscles ultimately increased to more than 4-fold the concentration in 
the plasma. Subjects 2 and 3 showed changes of much the same character, 

We interpret this fact as follows: Hyperketonemia occurs when the liver 
transmits ketone bodies into the blood stream at a higher rate than the 
extrahepati tissues are able to consume them After glucose feeding the 
liver begins to catabolize carbohydrate in preference to fat and protein, 
so that the production of ketone bodies is gradually arrested In conse 
quence the blood receives from the liver smaller amounts of ketone hodies 


than it give sup to the extrahepatic tissues (and to some extent to the urine ; 


PABLE | 
/ G I pon I j n i ole A } B n puscle 
’ / main \ mal Subjec 
| a Ke 
\ I " 
K 
\ 
, r cer ” 
62 () 23.1 | | 37 0.50 
21.5 14.] ox S 0.49 
2 5.80 5.63 5.95 0.95 
. 1 6! 1 65 ata) 1 O68 
} 0.5S 0.90 0 2% 1 50 
» + 0) 17.9 ) D4 0 0.50 
f) 3] 5 66 2 0.43 
2 5. 57 , 5 56 1.00 
; 2.51 be i 2.de 
j 53 2 XO 0.42 5.20 
( () 68.4 {XN 8 R79 0.56 
8.2 17.3 70.0 0.6; 
> a .- s.. 6.4 1] 
and the ketonemiec level recedes (sa matter of course this change affects 


primarily the concentration of plasma ketones, and thereby, secondarily, 
induces a diffusion of ketone bodies from cells to plasma Che diffusion 
apparently lags behind the rate ol decrease in the plasma and, is a result, 
the distribution ratio shifts in favor of the corpuscles 

In the same three subjects we also examined the possible effect of glucose 
feeding upon the relationship between B-hydroxvbutvrie acid and aceto 
acetic acid (8 ratio) both in corpuscles and in plasma Phe results, given 
in Table I], show a continual decline of the B ratio in the plasma as well as 
in the corpus les It has markedly decreased already during the Ist hour 


after the administration of glucose, and in the 3rd and 4th hours it dropped 
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to zero. This means the complete disappearance of 8-hydroxybutyrie acid 
at these periods; so that the ketone bodies in the blood were represented 
solely by acetoacetie acid both in corpuscles and plasma. The complete 
disappearance of 8-hydroxybutyrie acid occurred in the corpuscles earlier 
than in the plasma in Subjects 2 and 3, but later in Subject 1. An in- 
teresting fact is that, whereas the concentration of 6-hydroxybutyrie acid 
in the plasma usually remained higher than in the cells, the concentration 
TABLE II 


Effect if Glu e Feeding spon Distribution of Acetoacetic and B-H ydroxybutyric 
icids in Blood of Normal Subjects 


Corpuscles Plasma 
Pcie dalton 
_ noes Spine tal newt Hydrox nme 
Deidatd k re B rat f tens ketone 8 ratio 
er bodie acid pap bodies 
me me me me meg 
ber cen per ceni per ceni per cent per cent per cent 
0) 1.08 9 01 13.1 70 5.47 28.2 33.7 S4 
6.75 7.32 14.1 52 7.02 21.8 28.8 76 
2 3.95 1.68 5.63 30 2.65 3.30 5.95 56 
, () 98 (). 67 1.65 10 1.55 0 1.55 0 
{ 0.90 0 0.90 0 0.20 0 0.20 0 
9 0 5.32 3.92 9.24 13 8.36 17.6 26.0 68 
| 5.66 0 5.66 0 5.51 7.60 13.2 58 
9 2 18 0.32 3.50 q 2 &6 0.70 3.56 20 
3 3 39 0  . 32 0 1.43 0 1.43 0 
{ 2 0 0 2 20 0 0.42 0 0.42 0 
0) 26.1 22.4 iS.S $2 21.8 66.1 87.9 75 
27 .3 20.0 17.3 12 29.5 10.5 70.0 60 
3 18.3 0) 3 0 13.3 3.1 16.4 19 
1§ 0 0.25 0.70 0.95 74 
2 0.12 0.10 0.22 15 
0 0.11 0.24 0.38 71 
) 0).24 0.11 0.35 33 


I 

t Fasted 38 hours 
| 
I 


t isted 64 hours 
N postabsorptive state, 14 hours after last meal. 


of acetoacetie acid tended to shift in favor of the corpuscles, especially in 


the 3rd and 4th hours after glucose feeding. In Subjects 1 and 2, for 


nstance, the acetoacetic acid in the corpuscles eventually became from 2 
to 5 times as high as in the plasma. A possible cause of this phenomenon 
is that the cells tend to retain acetoacetic acid more firmly than 6-hydroxy- 
butyric acid under conditions that cause a rapid decline in the ketone body 


concentration of the plasma. 
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tand 5in Table II, the 


1 the postabsorptive state 


In 


experiment 


only 


BODIES 


“ft 


view 


two san 


mally nourished 
S f the last 
ge quantities 


taken. 


Dies Were 


one before and one hours after glucose teeding We have previously 
deseribed the observation that glucose feeding measurab depresses the 
ketonemic level of the well nourished healthy individual just as it does in 
the instance of f isting ketosis (4 Subjects t and 5 show that the response 
of the two groups is similar also in regard to changes in the 8 ratio. Even 
in Subject 5, whose basal ketonemic level was so low (0.38 mg. per cent 
that its probable decrease after glucose feeding may have eluded measur 
PAB II] 
Eff G el n Re nsi } n A 
/ icid inl S 
8-H 3 
| () 1.5 20 .7 1.0 on 1) 997 5 S SN 
24 6.3 sf 7. ~ y 
Z IS. 5 Ss. M () 0) te! s_ Nf () 
90 S9 5.12 { 0) 2 16 
Ww () 7 > |S ‘) 
0 6 5 7 ri Is () 2 
6.5 H.6] ) { { IS 
) . 9 ef) ‘) r ‘ rT } 
} > ih) t “) > 4 ~ ~ 2 
am . 10 ' n 9 ne 
ment, the drop in the 6 ratio was still great enough to be detected. th 
Subject 4 the ketonemic leve is high enoug! 0.95 mg cen lO 
reliable measuremer! here = clear! shown that the } ito decreased 
material is the ketonemic level was de Dress¢ PIICOS eeding. in the 
ame manner as ll ting Ketosis 
( hanges in the relations ip hetwee! eetoanceti eid ne droxy 
butvnie acid were examined at hourly intervals in i les whiel 
ere collected simultaneously with the blood samples Che results, given 
in Table II], show that the 8 ratio declined in urine faster than in the blood. 
Chis tenden s evident as early asin the Ist ho nd quite conspicuous 
luring the 2nd hour afte glucose teeding t this h) oO butwvri 
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acid completely disappeared in the urine, which was 1 hour earlier than 
in the blood in all three of our fasted subjects. The difference between 
blood and urine was further accentuated when 6-hydroxybutyrie acid 
emerged again in the urine during the 3rd and 4th hours, when it was 


completely absent from the blood. 


TABLE I\ 
} ffect Glucose Fee ling upon dD strib ition of Tot il Ke fone Bodie s between Corpuscle 8 
ind Plasma in Diabetic Subjects 


Total ketone bodies Ketones in 


corpus¢ les 


Ketones in 


Whole blood ( iscles Plasma plasma 
id per € Ld ¢ ” per en 

6 0 25.4 8.49 38.7 0.22 
0.5 11.0 28 6 19.8 0.57 

] 5.5 21.9 50.6 0.43 

2 33.2 18.7 14.4 0.42 

3 38.3 18.3 29.8 1.62 

{ 3.) 36.5 49.8 0.73 

7 0 68.0 60.2 78.8 0.76 
1.5 82.0 67.7 95.4 0.71 

3.5 101.3 95.9 105.6 0.91 

S 0 1.78 1.78 4.78 1.00 
| 3.98 1.53 6.10 0.25 

9 { 04 1.26 3.80 1.12 

1.16 2.36 6.10 0.39 

{ 3.67 2.90 1.40 0.66 

) 0 63.8 52.9 71.9 0.74 
0.5 62.9 25.9 87 .6 0.29 

l 70.7 66.4 73.7 0.90 

2 58.0 37.6 70.7 0.53 

; 55.3 31.3 72.1 0.43 

{ 13.0 20.8 56.8 0.37 


Diabetic S bjects 

On the basis of previous studies we divide diabetic subjects, with respect 
to their response to glucose feeding, into two main categories. Those in 
the first exhibit a tendency towards rising ketonemic levels; those in the 
second show a rather consistent decrease of ketonemia. Patients belonging 
to the latter group behave much like the healthy individuals whose ketosis 
resulted from fasting or a carbohydrate-deficient diet. In a previous 
paper, this difference was attributed to differences in the liver function of 
the patients 5). 

Tables IV to VI contain results of observations on representative cases 
of the first category. As may be seen in Table IV, the distribution of total 
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subjects, but in Subjects 8 and 9 the opposite tende1 in evidence 
’ . ‘ , . 
during the 3rd and 4th hours after glucose feeding 
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The difference between this group of diabetic patients and healthy in- 


dividuals was just as marked in the urine as in the blood. As it may be 


, seen in Table VI, the relative quantities of 8-hydroxybutyric acid have not 
appreciably changed in the course of the entire 4 hours after glucose feeding. 
. During the 2nd hour, when 6-hydroxybutyrie acid had completely disap- 
peared from the urines of healthy subjects cf. Table II] , the three diabetic 
‘ subjects showed 8 ratios of 73, 70, and 82, respectively, values of the same 
order of magnitude as one finds in fasting or in postabsorptive states. 
Diabetic patients belonging to the second category, who respond to 
glucose feeding with a progressive decline of the ketonemic level, as do 
TABLE VI] 
/ G Feeding on Relationship between Acetoacetic Acid and 
Hy / 1 n Urine of Diabetic Subje 

, \ 8-H 1 lotal ketone bodic B rat 

{ 0 55.0 120.0 175.0 69 

28.1 15.6 96.2 156.0 124.0 201.6 77 

2 16.5 13.4 14.0 116.3 60.5 159.7 73 

16.6 78.5 13.8 206 .7 60.4 285.2 73 

{ 270.0 72 3 118.0 160.4 138.0 539.2 85 

7 0) 18.6 167.0 215.3 78 

l 4.0 LS4+.0 139.0 171.0 193.0 655.0 72 

9 3 0 249.0 123.0 579.0 176.0 829 0 70 

; 1.0 209 0 129.0 672.0 169.0 R81 .0 76 

j sO.0 111.0 131.0 ORT 0 ISL.O 398.0 73 

0 17.0 17 .0 145.0 145.0 192.0 192.0 76 

53.0 127.0 187.0 148.0 240.0 575.0 78 

9 68.0 60.6 298 .0 269.0 366.0 329.0 82 

65.0 51.9 278.0 223 .0 345.0 275.0 16 

{ 109.0 65.5 371.0 223.0 180.0 287 .0 77 
healt! men (although at a lower rate), also show tendencies in the diree- 
on of normal as regards the changes in the relationship between B-hy- 
droxvbutvric acid and acetoacetic acid, both in blood and urine. This 
2 fact is illustrated by an example, Subject 11, in Table VII. As may be 
seen, in the blood the 8 ratio began to decrease during the 2nd hour after 
glucose feeding, and continued to decline throughout the 4 hour period. 
This decrease was more delayed and distinctly less extensive than in non- 
: diabetic subjects \ similar change has occurred in the urine; namely, 


the 8-hydroxybutyric acid has at no time disappeared as in fasting ketosis, 


ind 


the hour after glucose feeding. 


lst 


vet the b ratio dropped trom the postabsorptive level of 70 to 53 during 


This drop was then followed by an 
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increase during the remainder of the 4 hour period (cf. Table II] [t may 
be stated then that in this group of diabetic individuals glucose feeding 


; 


elicits changes both in ketonemia and ketonuria that show the same 
tendency as the changes in healthy subjects. There is only a quantitative 
difference, in that the changes in the diabetic proceed at a diminished rate, 

Subject 12 was included in Table VII to emphasize further the great 
differences between blood and urine in the changes in the 8 ratio after 
glucose feeding This individual belongs to the first ec itegory ol diabeties: 


} 


namely, to the group that does not respond with a consistent decrease in 
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the ketonemic leve (s in other cases of this grow the B ratio in the 
blood remained virtually unaltered during the 4 hou period atte the 
administration of glucose The changes in the urine, on the other hand, 
= ' mS aes , ee 
were entirely in¢ pected. Here the 6 ratio which Was tlread\ excep 


tionally low in the postabsorptive state dropped steeply in the first 2 hours 


and then increased, much as in the fasting ketosis of healthy subjects. 
The divergence between the change s of the 8 ratio in the blood and urine 


: : ; ; 
alter giucose feeding Was CONSPICUOUS ¢ nough in our non-diabeti 


ef. Table II] It is evidently due to a reversible conversion between 


Cc sul jects 
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acetoacetic acid and 8-hydroxybutyric acid, which has been known to occur 
in the kidney. Subject 12 (Table VII) vividly illustrates how extensive 
this effect of the kidney can be. It is a warning against the injudicious 
use of data of urine analysis as the basis of conclusions concerning the 
changes of the ketone bodies in the living organism. To explore these 
changes one must resort to the analysis of blood and other tissues. 

The most notable change in the blood, recorded in this report, is the 
rapid decrease and eventual complete disappearance of 8-hydroxybutyric 
acid' while measurable amounts of acetoacetic acid are still present. This 
occurs when glucose feeding exerts its fat- (and protein-) sparing effect 
in the liver and, in consequence, the liver ceases to produce and transmit 
to the blood excessive amounts of ketone bodies. In other words, two 
facts, namely the suppression of hepatic ketone production and the disap- 
pearance ol 8-hydroxybutyric acid from the blood, appear to be in a simple 
causal connection, implying that the ketone body supplied by the liver is 
mainly, if not exclusively, 6-hydroxybutyrie acid. This inference is at 
variance with the widely held view that the parent ketone body formed in 
the tissues is acetoacetic acid. In our opinion no evidence presented thus 
far to support either of the two conflicting views can be regarded as con- 


clusi\ e and unequivocal. 


SUMMARY 


In postabsorptive states the ratio of 8-hydroxybutyric acid to aceto- 
acetic acid in blood and urine, as also of the distribution of the two acids be- 
tween corpuscles and plasma, is independent of the ketonemic level; in this 
respect no difference exists between healthy and diabetic subjects. Glucose 
feeding elicits the following changes. 

1. In the blood of healthy persons, in the state of hunger ketosis, the 
concentration of ketone bodies decreases faster in the plasma than in the 
corpuscles; this leads to an inversion of the distribution ratio (total ketone 
bodies in corpuscles) /(total ketone bodies in plasma), which in the post- 
absorpti e state is below unity 
2. The 8 ratio (100 X B-hydroxybutyric acid total ketone bodies) 
decreases consistently and drops to zero during the 3rd and 4th hours after 
glucose feeding, so that at these intervals the ketone bodies are represented 
by acetoacetic acid alone. This change proceeds faster in the plasma 
than in the corpuscles 
‘ It isin order, perhaps, to remark here that the disappearance of 8-hydroxybutyric 
id can be demonstrated only by analytical methods that are sufficiently selective 

By simply measuring the mercury content of the Denigés precipitate, 


ll’s technique (6), one always obtains positive values for 


example in Cranda } 


8-hydroxybutyric acid 
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3. In the urine of these subjects the 8 ratio decreases more rapidly than 
in the blood and the 8-hydroxybutyric acid completely disappears about 
an hour earlier than in the blood. In contrast to the blood, however, it 
emerges again at an increasing rate during the 3rd and 4th hours. 

1. Diabetic patients, whose livers have retained to an appreciable degree 
the ability to utilize carbohydrate, respond to glucose feeding as do healthy 
individuals, with a difference only in the rate of the process. 

5. Diabetic patients of another category, 7.e. those whose livers are un- 
able to utilize appreciable amounts of carbohydrate and, in consequence, 
maintain (or more often increase) their ketonemic level after glucose feed- 
ing, show no significant changes in the blood. The distribution ratio be- 
tween corpuscles and plasma, as well as the 8 ratio, remains substantially 
the same as that in the postabsorptive state. As a rule, this applies also 
to urines of these patients, but there are exceptions. 

6. The frequent divergence between the changes in blood and urine, due 
to oxidation-reduction processes in the kidney, suggests that studies of the 
metabolism of ketone bodies should include analyses of blood and of other 
tissues, since data derived from the urine alone may be misleading. 
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THE EFFECT OF INSULIN UPON THE QUANTITATIVE RELA- 
TIONSHIP BETWEEN 8-HYDROXYBUTYRIC ACID 
AND ACETOACETIC ACID IN BLOOD AND URINE* 

By IRENE E. STARK ann MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, January 5, 1943) 


In a preceding report (1) we described cases of diabetic ketosis in which 
glucose feeding fails to produce appreciable changes either in the distribu- 
tion of ketone bodies between blood corpuscles and plasma or in the 8 ratio 
(100 X 8-hydroxybutyric acid) /(total ketone bodies) of blood and urine. 
These subjects, in contrast to those with non-diabetic ketosis, tend to 
respond to glucose feeding with an increase of the ketonemic level and of 
ketonuria and require massive doses of insulin for the suppression and aboli- 
tion of ketosis. Their condition is attributed to the impaired ability of the 
liver to store glycogen and to burn carbohydrate, a deficiency that can be 
corrected only by the administration of adequate amounts of insulin which 
acts by inhibiting hepatic glycogenolysis (2). The purpose of our experi- 
ments was to compare the effects of insulin (combined with carbohydrate 
feeding) upon the distribution and 8 ratios in this type of diabetic ketosis 
with the effects of glucose feeding in fasting ketosis. 

The insulin requirement in severe diabetic ketosis is always large; in- 
dividual variations, however, are considerable and unpredictable, so that 
overinsulinization may entail hypoglycemic episodes. Since hypoglycemia 
causes an increase in ketosis, and thus reverses the antiketogenic effect of 
insulin (3), we were careful to forestall hypoglycemia by always keeping 
the blood sugar well above normal postabsorptive levels by timely admin- 
istration of glucose. At the same time care was taken to maintain a posi- 
tive balance between carbohydrate administered and glucose lost in the 
urine in order to ascertain that substantial amounts of carbohydrate were 
utilized by the organism. 

Under these conditions the distribution of ketone bodies between corpus- 
cles and plasma as well as the 8 ratio changed in diabetic patients in the 
same general direction as in non-diabetic subjects after glucose feeding 
(without insulin injections). Evidence to illustrate this fact is presented 
in Table I. As regards the distribution of ketone bodies between corpuscles 
and plasma in the postabsorptive state, it may be seen that, as in healthy 
individuals, the concentration was markedly higher in the plasma than in 
the corpuscles. But after glucose utilization had started, within some 


* This work was aided by the Helen Yonkers Research Fund. 
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hours after the injection of insulin, the distribution ratio shifted in favor 
of the cells; 7.e., the decline was faster in the plasma than in the cells, just 
as in non-diabetic ketosis. This response was considerably slowed down 
in the instance of patient L. L., in deep coma, who was much more resistant 
to insulin action than were the other two patients. 

The 8 ratio, as may be noted, decreased substantially after insulin action 
had taken effect; in other words, the concentration of 8-hydroxybutyric 
acid decreased faster than the concentration of acetoacetic acid. The 
shift in the relationship between the two acids was more prominent in the 


TABLE I 


Effect of Insulin upon Distribution of Acetoacetic Acid and B-Hydrorybutyric Acid 
in Blood of Diabetic Subjects 


Corpuscles Plasma 
Time € ae 
Patient and remarks after Rests 6-Hy- Total Aeote- | §-Hy- Total 
MSUND | acetic Fea ketone | 8 ratio | acetic oe ketone | £ ratio 
acid — bodies acid | — bodies 
| 
_ me me me me me mx 
per cent percent per ceni per ceni| per ceni | per cent 
L. L. Admitted in| 0 63.4 | 82.9 | 142.3) 57 | 92.8 |84.3 {177.0 | 48 
coma; received 200 6 43.1 | 58.4 | 101.5) 58 (115.0 |93.9 (209.0 | 45 
units insulin during | 13 32.6 3.21; 35.8 9 21.2 | 3.22 | 24.4 13 
first 4 hrs. after ad- 19 14.7 3.00 17.7) 17 9.28; 2.98 | 12.3 | 24 
mission 
M.R. Severe ketosis; 0 40.0 | 48.3 88.2) 55 44.4 198.6 (143.0 69 
received 45 units in- 2 52.6 | 28.2 80.8) 35 40.5 |41.2 81.7 51 
sulin on admission 6 30.0*| 4.70*| 34.7*| 13* 
S. B. Severe ketosis; 0 57.6*|93.7* |104.0*| 66* 
received 55 units in- 6.5 60.0 | 14.0 74.0' 19 40.8 |22.6 63.4 36 


sulin during 4 hrs. 
after admission 


* These data represent the analysis of whole blood; the samples were not sufficient 


for the analysis of the plasma. 


corpuscles than in the plasma, especially in the more advanced stages of 
the process. These changes are of the same character as those observed 
in healthy subjects, with the sole difference that they proceed at a lower 
rate in diabetic ketosis, and in particular in the state of coma. It is due 
to this diminished rate that in no case of diabetic ketosis has the complete 
disappearance of 8-hydroxybutyric acid been observed, whereas in non- 
diabetic ketosis this occurs within 3 to 4 hours after glucose feeding. 
These changes in diabetic and non-diabetic ketosis then are due to the 
same cause; namely, to the fat- and protein-sparing effect of carbohydrate 
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in the metabolism of the liver. Ketosis in the diabetic organism is due to 
an unbridled hepatic glycogenolysis. Hand in hand with the inability of 
the liver to store glycogen goes its inability to use carbohydrate to cover its 
own fuel requirement. Asa result, fats and proteins are used and abnormal 
amounts of ketone bodies are transmitted to the blood. Then, when 
insulin begins to inhibit hepatic glycogenolysis (besides enhancing the 
passage of carbohydrate into muscle cells), the liver is again in a position to 
burn its preferential fuel, carbohydrate, and the oxidation of excessive 
amounts of fats and proteins, the source of ketone bodies, is suppressed. 
This is the same process that occurs in fasting ketosis as the result of carbo- 
hydrate feeding alone. 

Changes in the urines of diabetic patients, when ketonemia decreases 
under the action of insulin, are illustrated in Table II which contains the 
results of observations on two patients whose blood also had been studied. 
Urine samples were collected at brief intervals of time, without the loss of 
any fraction that was excreted over the entire period of the observations. 
It may be noted in both cases that after insulin action had become effective 
(as evidenced by utilization of carbohydrate) ketonuria began to diminish 
rapidly. Simultaneously the 8 ratio showed a moderate initial decrease. 
But whereas in fasting ketosis the 8 ratio was reduced to zero within 2 
hours after glucose feeding (7.e., 8-hydroxybutyric acid completely disap- 
peared from the urine), in the two diabetic patients it has not dropped 
below 55 and 60, respectively. After this initial decline the 8 ratio rose 
again and reached the preinsulin level, despite the fact that at the same 
time ketonuria continued to decrease substantially. The 6 ratio, then, 
changed here in the same manner as in fasting ketosis, with only a quanti- 
tative difference, inasmuch as the changes were less extensive and pro- 
ceeded at a diminished rate. 

In urine samples that were collected after the period in which the 8 ratio 
had returned to the high basic level, a second drop occurred, which was 
considerably greater than the first. In both patients M. R. and 8. B. the 
second drop has taken place during the 7th hour after the first insulin 
injection, the 6 ratio having decreased in the two cases to as low as 23 and 
33, respectively. This drop was again followed by a rise, notwithstanding 
the fact that the rate of excretion of total ketone bodies has not increased. 
We consistently obtained similar results in studies of several other diabetic 
patients. 

These findings are at variance with the view (4) that the 8 ratio in the 
urine decreases whenever the rate of excretion of ketone bodies decreases. 
The fact seems to be that an initial decrease of the 8 ratio is followed by an 
increase and subsequently by another decrease. This is equally true for 
fasting ketosis under the influence of glucose feeding and for diabetic 
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ketosis under the influence of insulin action. In our study of fasting 
ketosis, however, we could record only one drop and the subsequent increase 
of the 8 ratio, because the experiments were confined to 4 hour periods, 


TaBLe II 


Effe cl of Insulin upon Re lationship betwee n Ace toacetic Acid and 8-H ydroxrybutyric 
Acid in Urine of Diabetic Subjects 


Vol Aceto heery- Total 
Patient Time Remarks , |Glucose | acetic bi ; ketone 3 
ume acid yutyri bodies | Tatio 
. acid 
gm me me me 
- per Ar per Ar per ar per Ar 
M. R. $.00— 5.30 Vomited 4-5 times be- | 570) 13.3 510.0 1824.0 '2234.0) 77 


fore insulin was given 


5.30— 7.00 25 units insulin at 5.30 | 330 6.6 438.0 | 851.0 1289.0) 66 
7.00— 7.45) 20 7.30) 100 5.3 275.0 | 333.0 | 606.0) 55 
7.45- 8.30 15 gm. glucose intra- 65 1.7 130.0 449.0 579.0) 68 


venously at 7.45 
72.7 | 160.0 | 233 


8.30-10.00 15 units insulin at 9.05, | 115 0.! 
24 gm. CHO at 9.30 


10.00-11.00 5 units insulin and 28.5 45 0 9.60 33.0 12.6) 77 
gm. CHO at 10.15 
11.00-12.00 57 gm. CHO at 11.00 75,0 8.40 2.10' 10.4 23 
2.00— 2.00 66 * en ** 1.00 110 0 11.5 5.10' 16.6) 3] 
2.00— 3.00 200 0 34.1 5.50) 39.6 14 
3.00—- 5.00 33 * ms “* 3.0 775 0 17.4 6.20| 53.7) 21 
5.00— 7.00 135 0 $.50 6.50 11.0) 59 
S. B. 10.30-12.30' 40 units insulin at 11.30 | 450 | 11.3 236.5 951.0 1187.0 & 
12.30—- 1.30 24 gm. CHO at 1.30 $50 | 13.5 795.0 1292.0 2087.0 62 
1.30—- 2.30, 18 * " ** 2.00 450 5.8 663.0 995.0 1658.0 60 
2.30— 3.30 15 units insulin at 3.00 320 (11.2 426.0 | 703.0 '1129.0' 62 
3.30-— 4.30 140 5.6 108.0 | 203.0 311.0) 65 
4.30— 5.30 28.5 gm. CHO at 5.00 85 | 0.9 | 25.6 69.3 94.9 73 
5.30-— 6.30 28.5 ‘ " ** 6.05 190 0 $3.7 21.9 65.6 33 
6.30—- 8.00 48 gm. CHO at 6.45 165 0.6 25.6 59.0 85.6 69 
8.00- 9.00 74 * - * 9.00 280 2.8 | 17.6 73.9 91.5, 81 
9.00-10.00 25 * - ‘* 9.10 275 $11.0) 31.1 32.2 63.3 51 
10.00-11.00 300 =«6«15.0 70.5 49.2 | 119.7} 41 
11.00-12.00 24 “* 7. "ae 175 8.8 | 39.2 20.7 59.9 35 


The waves in which preponderance of 8-hydroxybutyric acid alternates 
with the preponderance of acetoacetic acid can be observed only when urine 
samples are collected at brief (1 to 2 hour) intervals of time. Collection of 
samples during longer periods necessarily blurs the picture. With the 
example presented in Table III we wish to demonstrate how misleading 
the analytical data of urines can be if this fact is ignored. In the instance 
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of patient L. G. blood samples, which were taken at 0, 6, and 10.5 hours 
after the first injection of insulin, showed the regularly recurrent picture; 
namely, a consistent decrease of the 8 ratio when the ketonemic level 
declined. Urine samples which were excreted during 1 hour periods co- 
incident with the sampling of blood would indicate that the changes in the 
urine ran parallel with the changes in the blood. However, the analysis 
of intermediate hourly urine samples, presented in parentheses in Table 
III, clearly shows the wave-like fluctuations of the 8 ratio in the urine. 


Tase III 
Effect of Insulin on Ketone Bodies in Whole Blood and Urine of Diabetic Subject 


L. G., patient admitted in coma; received 285 units of insulin during the first 5 
hours following admission. The parentheses designate intermediate hourly urine 


samples. 
Whole blood | Urine 
Time after . s ~ - 
- Blood sugar 
ae Aceto- 8-Hydroxy- Total . Total £28 
acetic ie — betas bodies B ratio ketone bodies B ratio 
hrs. mg. percent mg. percent | mg. percent | mg. per cent mg. per hr. : 
0 822 99.0 198.0 297 .0 64 791T 76 
(2.5) (1860) (57) 
(3.5) (2474) | (56) 
6 520 98.0 68.0 166.0 41 131 74 
7.5 390 80.0 31.0 111.0 28 62.9 54 
10.5 244 44.2 2.80 47.0 6 17.7 40 


* These 8 ratios were determined on specimens excreted during 1 hour periods. 
t This is a postabsorptive sample collected at the time of admission; since the 
length of time during which it was excreted was unknown, the value 791 represents 


mg. per cent and not mg. per hour. 


SUMMARY 


In severe ketosis of diabetic patients glucose feeding has no effect upon 
the quantitative relationship of ketone bodies in blood and urine. When 
such patients are enabled to utilize carbohydrate (circulating endogenous 
glucose or glucose administered either parenterally or orally) by the injec- 
tion of adequate amounts of insulin, the ketone bodies show changes of the 
same general nature as those in healthy subjects after glucose feeding. As 
the ketonemic level decreases, the distribution between corpuscles and 
plasma shifts in favor of the corpuscles, and the 8 ratio decreases gradually 
and consistently. The decrease is faster in the plasma than in the cor- 
puscles. 

In the urine the 8 ratio first decreases, then increases, as it does in non- 
diabetic persons. Extension of the observations over sufficiently long 
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periods of time (8 to 12 hours), however, reveals the fact that after an 
initial decrease the 8 ratio again rises and then drops for a second time, and 
this wave-like change repeats itself irrespective of the fact that the exere- 
tion of total ketone bodies diminishes. This finding is at variance with the 
view of previous workers according to which the 8 ratio always decreases 
when ketonuria diminishes. 
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FURTHER PURIFICATION OF CATECHOLASE (TYROSINASE) 


By H. JENSEN ann LEON E. TENENBAUM 


(From the Research Laboratories, The Upjohn Company, Kalamazoo) 


(Received for publication, December 11, 1942) 


In a previous communication (1) we described a method for the prepara- 
tion from the common mushroom, Psalliota campestris, of a catecholase 
fraction, containing about 500 catecholase units per mg. of dry organic 
weight. 1 unit of catecholase activity was defined, according to Adams 
and Nelson (2), as the amount of enzyme required to cause an oxygen up- 
take of 10 c.mm. per minute when the catechol-hydroquinone substrate 
was used. We wish to describe briefly a method of further purification of 
the enzyme by fractional precipitation with ammonium sulfate at pH 4.8 
to 4.9 and at a protein concentration of 0.5 per cent. 


EXPERIMENTAL 


To the dialyzed enzyme solution, obtained according to the method 
previously described (1), containing 500 Adams and Nelson catecholase 
units (2) per mg. of dry organic weight, 1 or 2 drops of saturated sodium 
hydroxide solution were added, and the pH was readjusted to 4.8 to 4.9 by 
the addition of glacial acetic acid. Any precipitate formed was removed 
by centrifugation, and the supernatant was brought to 0.25 saturated 
ef. (1)) ammonium sulfate and allowed to stand overnight at room tem- 
perature. The precipitate was centrifuged off, and the supernatant 
brought to 0.35 saturated ammonium sulfate. This precipitation between 
0.25 and 0.35 saturated ammonium sulfate was repeated until only a small 
amount of material precipitated up to 0.25 saturation, and until very little 
material was left in the supernatant of the 0.25 to 0.35 saturated ammonium 
sulfate precipitate. The final 0.25 to 0.35 saturated ammonium sulfate 
precipitate was dissolved in water and dialyzed until free from inorganic 
salts. 

The enzyme preparation thus obtained was found to contain about 1200 
Adams and Nelson catecholase units and 48 cresolase units per mg. of dry 
organic weight. 1 unit of cresolase activity is defined as the amount of 
enzyme required to cause an oxygen uptake of 10 c.mm. per minute when 
acting on 4 mg. of p-cresol (3). The copper content, determined according 
to the method of Warburg (4) as modified by Nelson and Dills,! was found 
to be 0.20 per cent. 


‘ Nelson, J. M., and Dills, W. L., private communication. 
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SUMMARY 
A method for the further purification of the enzyme, catecholase (tyro- 
sinase), is described. The purified enzyme preparation was found to econ- 
tain about 1200 Adams and Nelson catecholase units and 48 cresolase units 
per mg. of dry organic weight. The copper content was found to be 0.20 


per cent. 
BIBLIOGRAPHY 


1. Tenenbaum, L. E., and Jensen, H., J. Biol. Chem., 145, 293 (1942). 

2. Adams, M. H., and Nelson, J. M., J. Am. Chem. Soc., 60, 2474 (1938). 

3. Parkinson, G. G., Jr., and Nelson, J. M., J. Am. Chem. Soc., 62, 1693 (1940). 
4. Warburg, O., Biochem. Z., 187, 255 (1927). 











STUDIES RELATING TO THE USE OF LACTOBACILLUS 
CASEI IN MICROBIOLOGICAL ASSAYS 


By AMOS E. LIGHT anno MIRIAM F. CLARKE 


(From the Burroughs Wellcome and Company, U.S. A., Experimental Research 
Laboratories, Tuckahoe, New York) 


(Received for publication, December 2, 1942) 


It has been shown by several groups of investigators (1-4) that the 
amount of acid or the degree of turbidity developed by Lactobacillus casei 
during an incubation period is proportional to the amount of riboflavin, 
pantothenic acid, or certain other vitamins in the various media which are 
described. However, recent studies (5, 6) have demonstrated that under 
certain conditions more than twice the quantity of acid formerly regarded 
as maximal can be produced. This would indicate either that some in- 
gredients of the original media were not present in adequate quantity, or 
that an additional growth substance was being added, or that both of these 
factors were operating. The purpose of the present work was to investi- 
gate the culture media and to study the characteristics of the dose-response 
curve obtained with graded amounts of pantothenic acid. 


EXPERIMENTAL 


The procedure of culturing Lactobacillus casei, American Type Culture 
Collection (No. 7469), and the method of inoculating series of tubes con- 
taining the media were those described by Pennington, Snell, and Williams 
(3). 

After an incubation period of 70 to 72 hours, unless otherwise designated, 
the acid in each tube was determined by titrating to neutrality with 0.1 
nw NaOH, brom-thymol blue indicator or a pH meter being used. 

True turbidity measurements (7.e. of light reflected at right angles from 
the incident beam) were made by means of a photoelectric colorimeter! 
fitted with a brown filter to nullify the color of the cultures. The 18 X 
150 mm. test-tubes used in the assays were employed directly in the 
colorimeter. Calibration of this instrument with standard barium sulfate 
suspension (7) showed that there was a linear relation between the log- 
arithm of the cc. of barium sulfate suspension and the turbidity reading 
between galvanometer deflections of 10 and 65. Because of the large 
number of bacteria in suspension it was found necessary to dilute the con- 
tents of the culture tubes, usually from 10 to 40 ec., with 0.85 per cent saline 
solution in order to obtain valid measurements. 


1 Lumetron. 
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Transmitted light was measured in the same colorimeter which was also 
standardized for this procedure with barium sulfate suspension. A 
straight line was produced when the logarithm of the cc. of barium sulfate 
suspension was plotted against the optical density, the logarithm of the 
ratio of incident light to transmitted light (log [o/Z), between readings of 
0.2 and 1.1 on the dial which was calibrated in the log ratio. Dilutions 
were also necessary for these measurements. 

Cell volume was determined by use of Van Allen hematocrit tubes. The 
tubes were entirely filled with the thoroughly shaken bacterial suspensions 
and the volumes occupied by the cells were measured directly after cen- 
trifuging under standard conditions. The hematocrit tubes were cali- 
brated for actual volume by weighing them first empty and then com- 
pletely filled with water. The per cent cell volume was calculated from 
these data. 

It is convenient in dealing with very wide dose ranges and also for pur- 
poses of biological assay to plot the response against the logarithm of the 
dose; consequently all results are so treated in Figs. 1 to 3 and 5. 


Results 


Effect of Rice Polishings Concentrate—Since much greater amounts of 
acid were produced when large doses (quantity per test-tube) of rice polish- 
ings concentrate? were added to the medium of Pennington, Snell, and 
Williams than when amounts of pure calcium pantothenate alone (5) were 
added, it was obvious that the medium used could be improved. It was 
found that the treated yeast extract could be replaced with thiamine hydro- 
chloride, nicotinic acid, and pyridoxine hydrochloride as suggested by Silber 
and Unna (8) with resulting increase in the slope of the calcium pantothe- 
nate curve. With the medium thus modified the acid production of 
Lactobacillus casei was studied with graded doses of calcium pantothenate 
and of rice polishings concentrate (Fig. 1). A range of dosage approxi- 
mately 4000-fold was employed for both. A maximum of 9.5 to 10 ce. 
of 0.1 ~ acid produced in 72 bours was never exceeded when calcium panto- 
thenate was used, whereas with rice polishings concentrate, after a similar 
plateau is reached at that level, increased dosage caused a sharp rise in acid 
production up to 22 cc. The curves in Fig. 1 indicated also that most of 
the acid production occurred during the first 48 hours and that the slopes 
of the initial steep linear portions of the standard calcium pantothenate 
curves were approximately equal to the slopes of the corresponding portions 
of the curves for the rice polishings concentrate. 

The high acid production resulting when large amounts of the rice polish- 
ings concentrate were present is not to be explained on the basis of buffer- 


? Ryzamin-B, Burroughs Wellcome and Company (U.S. A.), Inc. 
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ing action per se. Titrations of 10 ce. of medium containing the highest 
dose, 437 mg., used in this experiment showed that the buffering capacity 
was the same as that of the medium itself, since nearly equal quantities of 
0.1 N HCl were required to titrate both solutions to pH 4. The above dose 
of the concentrate introduced less than 1 cc. of 0.1 N acid into the medium, 
an amount insignificant compared with the acid produced by the micro- 
organisms. 

Curves of turbidity and of optical density (Fig. 2) resemble the acid 
production curve except that the plateaus are less distinct and shorter. 
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Fic. 1. Curves relating graded doses of calcium pantothenate and of rice polishings 
concentrate to cc. of 0.1 N acid produced during 24, 48, and 72 hour periods. Doses 
of calcium pantothenate up to 1607 have been used without any increase in titration 





above 10 ec. 


This suggests that cell production may have continued when acid produc- 
tion has stopped in the middle dose range of the rice polishings concentrate. 
Added evidence that cell multiplication and acid production may not 
have been running parallel was supplied by the hematocrit studies (Fig. 2). 
Lack of correspondence between these two criteria along with the ability 
of the large doses of rice polishings concentrate to produce acid above the 
plateau level indicated that optimal conditions for bacterial metabdlism 
were not present in the medium employed. 

Addition of Glucose—Since the rice polishings concentrate contained 
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about 60 per cent of sugars and the medium contained only enough glucose 
to permit a production of about 11 cc. of 0.1 N lactic acid, it appeared that 
the carbohydrate might be the factor limiting acid production with large 
amounts of pure calcium pantothenate and with the intermediate plateau 
levels of the concentrate. Therefore, glucose was added to each of the 
lower doses of the rice polishings concentrate until the level of the carbohy- 
drate (262 mg.) in the highest dose was reached. This was in addition to 
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Fic. 2. Comparison of four methods of estimating the performance of Lactobacillus 


casei in 72 hours of incubation; graded doses of rice polishings concentrate plotted 
against acid production, transmitted light determinations (optical density), turbidity 


readings, and hematocrit values. 


the amount already in the medium, 100 mg. per test-tube. A curve re- 
sulted with a shorter and more elevated plateau at the middle part of the 
dose range (Fig. 3). This indicated the possibility of still further improve- 
ment in the medium before the curve could become straightened out with 
removal of the central plateau. However, with the added glucose, cell 
development did parallel the acid production as indicated in Fig. 4, where 
the hematocrit values are plotted against the cc. of acid produced. 
Doubling the glucose content of each tube in a series of dilutions of cal- 
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cium pantothenate did not increase the slope of the dose-response curve 
but did elevate the plateau level considerably. Thus, with 0.6 y of cal- 
cium pantothenate and 200 mg. of glucose, 13 ec. of acid per tube were 
produced. 

Addition of Other Purified Substances—Experiments with pure calcium 
pantothenate were continued. It was found that when a supplement 
containing several of the possible growth stimulants present in the rice 
polishings concentrate was added to the medium fortified with 362 mg. of 
glucose per test-tube, the plateau value was increased to 16 to 17 cc. of 
0.1 nN acid. This supplement contained the following in micrograms per 
test-tube: thiamine hydrochloride 100, pyridoxine hydrochloride 100, 
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Fic. 3. Curve relating graded doses of rice polishings concentrate to acid produc- 
tion, with glucose added to equal the amount present in the largest dose of the 


concentrate used. 
Fic. 4. Curves relating hematocrit values to acid production, with and without 
the addition of glucose to the graded doses of rice polishings concentrate. 


nicotinic acid 450, choline chloride 12,000, inositol 12,000, biotin* 2, and 
added riboflavin 100. However, this titration figure still falls short of that 
obtainable with the rice polishings concentrate. 

When the medium of Landy and Dicken (2) became available, this was 
used with added glucose, 400 mg. per test-tube, so that insufficiency of sub- 
strate would not become the limiting factor in the production of acid by 
Lactobacillus casei. A few other modifications were also made (Medium A, 
Table I). A satisfactory dose-response curve for the calcium pantothenate 
series resulted (Fig. 5) with a steep linear portion ending on a high plateau 
for maximal acid production. Likewise, the curve for the rice polishings 


? Concentrate of biotin, 100 y per cc., from the 8. M. A. Corporation. This was 
the only substance used in the supplement which was not in pure form. 
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concentrate was improved by elimination of the plateau in the middle dose 
range. The improvement in this case seems to be due mainly to aspara- 
gine, for its omission reduces the maximum acid value from 20 to 15 ee. 
The traces of impurities known to be present in c.p. asparagine (9) may be 
responsible for some of the effect observed. 


TABLE | 
Ingredients of Modified Media 


The ingredients were diluted to 100 cc. after adjustment of the pH to 6.8. 5 ce. 
of this solution were subsequently diluted, in the assay, to 10 cc. by the addition of 


the solutions containing pantothenic acid. 


Medium A Medium B Medium C 
Peptone preparation (3),* cc. 20 40 
Casein hydrolysate (3), cc. .. 4 
= eS &. 20 
Na acetate, anhydrous, gm. 0.72 
Glucose, gm. 8 8 8 
l-Asparagine, mg. : 50 50 50 
l-Tryptophane, mg. 20 20 20 
l-Cystine, mg.. 20 20 20 
Salt Solution A (3), cc. l l l 
" Aa 1 l l 
Guanine HCl, mg. 1 l ] 
Adenine SQ,, l ] l 
Xanthine, mg. l l l 
Uracil, mg. l l l 
Thiamine HCl, mg. 2 2 2 
Riboflavin, mg. 2 2 2 
Pyridoxine HCl, mg. 2 2 2 
ie g 9 9 


Nicotinic acid, 


Choline chloride, “* . 20 20 2c 
Inositol, mg.. ; 20 20 20 
Biotin (free acid), y.......... 8 8 

Folic acid,t y...... — 2.5 2.5 





* The figures in parentheses represent bibliographic references. 
t A folic acid concentrate, 5.5 per cent pure, was kindly furnished by Dr. R. J. 
Williams, Department of Chemistry, The University of Texas. 


Equally satisfactory or slightly better curves of response with lower 
blanks and higher plateau values were obtained by using the purified in- 
gredients of Medium A with the treated peptone and casein used by Pen- 
nington et al. (3) (see Medium B, Fig. 5 and Table I). It should be ob- 
served that with both of these media the higher doses of the rice polishings 
concentrate produced an upward trend from the plateau level of the cal- 
cium pantothenate curve, suggesting an additional stimulating factor. 
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However, since only the linear portion is used for assays and since the 
standard calcium pantothenate curve closely parallels the one for the con- 
centrate, this factor may be disregarded when the concentrate is being 
assayed for pantothenic acid. 

Other Growth-Stimulating Factors—That Medium B is capable of still 
further improvement is indicated by the fact that considerably higher titra- 
tions, between 35 and 40 ec. of 0.1 N acid, were produced when large 
amounts of yeast concentrates‘ or of liver extract’ were tested with sufficient 
substrate. It is not known whether the extra stimulating factors are 
qualitatively or quantitatively different from those present in the basal 
medium. Pantothenic acid alone is apparently not this stimulating factor, 














_. 
Sle ee ee 
Be oe ee ~o---O---0 
. Pee) 
© 
19) 
Ves 
e 
Q 
vi 
x @-——o he Polish. Canc.. Medium A 
Slee / / ga <° - ,MediunB 
Ss Bg o---..oCa Pantothenate, Medium A 
3 ; g g Gam” ° Medium B 
rv) ‘ J 
6 F B f 
fe , 
4 a 
ad Ff 
A oS 
4 124 7 26 5 32 1 36 1 40) 44 5 4:5 1 5:2 5 56 





Log Micrograms Rice Polishings Concentrate per Test Tube 
Fike 1 _-k2 , -08 , -0-4 10,0 1 04 5 O85 1:2 5 1:6 5 2:0, 
Log Micrograms Ca Pantothenate per Test Tube 





Fic. 5. Curves relating graded doses of rice polishings concentrate and calcium 
pantothenate to acid production. For Media A and B see Table I and the text. 


because amounts of the pure substance much greater than that required 
for a 20 cc. titration value did not increase this maximum figure. It 
appears that biotin and folic acid may be ruled out also, for doubling the 
amounts of these present in Medium B, with maximum calcium panto- 
thenate present, also resulted in titrations of 20 cc. The addition.of glu- 
tamic acid to Medium B, suggested as a growth stimulant for Lactobacillus 
casei (10, 11), caused no greater response. 

The omission of asparagine resulted in lower titrations, as would be 


‘Two yeast preparations were used: Bacto-yeast extract, Difeo Laboratories, 
Inc., and a concentrate from the Yeast Products Corporation. 
* Lilly. 
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expected (4,10). However, biotin and folic acid may both be omitted, for 
their removal resulted in no change in the response to graded submaximal 
amounts of pure calcium pantothenate. It may be assumed, therefore, 
that the casein and peptone preparations provide enough biotin, folic acid, 
and glutamic acid for Lactobacillus caset. 

Continued study of the media has shown that the casein hydrolysate 
may be omitted entirely if the peptone is doubled. With this modification 
(Medium C, Table I) the most satisfactory dose-response curve was ob- 
tained, which was linear between doses of 0.04 and 2.56 y. The resulting 
responses were from 4.5 to 22.5 cc. of 0.1 N acid. The range of dose for- 
merly used with the unmodified medium employed previous to these 
studies was 0.04 to 0.14 y; the responses were from about 4.5 to 9.5 ce. of 
0.1 N acid. The results with increased peptone suggest that this material 
furnishes additional substances not heretofore provided in adequate 
amounts by the media, even to the extent of added buffer action (12). 

When the photolyzed peptone preparation of Snell and Strong is sub- 
stituted for the peptone in Medium C, and riboflavin is replaced by cal- 
cium pantothenate, preliminary studies have indicated that the medium 
thus modified is satisfactory for the assay of riboflavin. Curves of response 
show a similar relationship between the logarithm of the dose and titra- 
tion values. 

Assay Procedure—In the planning of pantothenic acid assays, doses are 
selected so that the responses will fall upon the linear portion of the dose- 
response curve. Doses of both the unknown and the standard are in- 
creased step-wise, each dose being 1.5 or 2 times the next lower dose. 
Three or more levels are used and each set up in triplicate, the titration 
method being employed to determine the response. For certain products, 
preliminary treatment is necessary in order to obtain maximum yields of 
pantothenic acid. For instance, predigestion of yeast extracts with malt 
diastase® increases the pantothenic acid potency considerably, as has been 
previously described (13). 

From the data thus obtained, the potency may be determined con- 
veniently and its accuracy evaluated by plotting all points on a semi- 
logarithmic dose-response curve and then employing graphic interpreta- 
tions based on such statistical methods as those described by Bliss (14, 15). 
In assays of the above design, the slopes of the dose-effect curves have 
usually been between 9 and 11. 


SUMMARY 


1. An improved medium for use in microbiological assays for pantothenic 
acid by Lactobacillus casei has been described. 


6 Malt diastase (clarase), highly concentrated; Eimer and Amend. 
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2. The improvement in the medium has been effected by the omission 
of yeast extract, and the addition of extra glucose, asparagine, and other 
nutrients. 

3. The improved medium allows a longer and steeper dose-response 
curve. 

4. Evidence has been presented that the medium may be further im- 
proved to permit greater acid production when more information is ob- 
tained about growth-stimulating factors in natural products. 

5. Use of the semilogarithmic dose-response curve for both unknown and 


standard is discussed. 


The authors wish to express their thanks to Dr. Alfred H. Taylor for his 
cooperation in the use of the photoelectric colorimeter. 
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STUDIES IN MINERAL METABOLISM WITH THE AID OF 
ARTIFICIAL RADIOACTIVE ISOTOPES 


VII. THE DISTRIBUTION AND EXCRETION, PARTICULARLY BY WAY OF 
THE BILE, OF IRON, COBALT, AND MANGANESE 
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(From the Division of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication, December 29, 1942) 


The growing realization of the importance of the “trace” elements in 
the physiology of the animal organism makes it desirable to obtain more 
extensive information on the metabolism of these elements. Their minute 
requirements make it difficult to apply ordinary methods of chemical analy- 
sis for such investigations. In many instances this handicap can be over- 
come by means of tracer experiments with radioactive isotopes. Further- 
more, the use of labeled atoms makes it possible to determine the fate of the 
dose administered of a given element. 

Previous communications from this laboratory have dealt with certain 
aspects of the metabolism of iron (1), manganese (2), and cobalt (3). The 
present work was undertaken mainly to study the importance of the bile 
as a vehicle for the excretion of the above three elements into the intestinal 
tract. The isotope method is particularly well adapted for this purpose. 

The réle of the bile in the excretion of calcium and strontium in rats 
with bile fistulas was investigated and reported in a previous paper (4). 


Methods 


For the experiments on bile, rats with an artificial gallbladder type of 
fistula, weighing between 400 and 500 gm., were used. The fistula was 
prepared according to the operation of Sawyer and Lepkovsky (5) as modi- 
fied by Harrington, Greaves, and Schmidt (6). After the operation, the 
animals were given a saline-glucose solution (1 per cent NaCl, 10 per cent 
glucose). Rats allowed to drink this fluid voluntarily survived the opera- 
tion for 1 to2 weeks. The above rats were reared on the stock colony diet. 
To obtain information on the effect of a diet low in manganese on the 
partition of this element, certain experiments were carried out on rats 
without fistulas reared on a modified milk diet.! 

The isotopes employed were Mn* with a half life of 310 days, Fe® with 


‘ The composition of the modified milk diet used as the basal diet was powdered 
skim milk 75 gm., fat (Crisco) 15 gm., and sucrose 10 gm. The supplements were 
Fe 10 mg., Cu 0.5 mg., nicotinic acid 1.0 mg., and calcium pantothenate 2.0 mg. 
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a half life of 4 years, and a mixture of Co*®*: °* with half lives of 72 and 270 
days respectively (7). The methods of isolating the radioactive Mn and 
Co have been reported elsewhere (2, 3). The radioactive iron, Fe*, was 
obtained by bombarding manganese with deuterons. The iron was precipi- 
tated four times from acid solution with cupferron, small amounts of inert 
Mn and Co being added each time as carriers. It was next precipitated 
four times with ammonium hydroxide, inert Zn being added as a carrier, 
It was then made up in neutral solution as ferric citrate. 

Measurement of the radioactivity of the samples was made with a scale- 
of-eight circuit Geiger-Miiller counter.2. To detect the soft radiations of 
certain of the isotopes used, a bell-shaped counter tube with a thin mica 
window was employed.’ 

Determinations of Mn* and Co* were corrected for absorption of radia- 
tion by bile, tissue, or excreta ash. The Fe* was first electroplated into tin 
capsules and read directly. 

DISCUSSION 

Iron—In experiments on dogs, Hahn, Whipple, and coworkers (8) found 
that the mammal shows only a slight ability to eliminate iron in any man- 
ner once it is incorporated into the body. Excretion in the bile reached 
significant proportions only under conditions of excessive blood corpusele 
destruction and was small in animals of normal hematopoietic function. 
The results of our experiments on rats parallel the observations of Hahn, 
Whipple, and coworkers. 

The Fe* excreted in the bile is shown in Fig. 1, Curves 3 and 4. The 
amount in the bile was very little different upon oral or parenteral admin- 
istration. In the case of parenterally administered Fe*, the quantity ap- 
pearing in the bile in 48 hours represented only 5 per cent of the amount 
in the gastrointestinal tract and feces. This is shown in Table I. The 
amount excreted into the urine was about 1.5 per cent of the administered 
dose in the case of both routes of administration. The excretion in the 
urine probably depends upon the degree of elevation attained by the plasma 
inorganic iron. Most of the excretion of Fe* into the urine occurred in the 
first 30 hours after its administration. 

Absorption of orally administered Fe* was low even though the dose was 
small (0.1 mg.) and the bile fistula rats were in a fasting condition. This 
is shown by the high content of Fe* found in the feces and gastrointestinal 
tract of animals given the Fe* orally. 

? Built by the Cyclotron Specialties Company, Moraga, California. 

4A modification of a counter tube designed by Dr. Dodson of the California In- 
stitute of Technology (unpublished). 

4 The asterisk denotes that the elements were labeled with their respective radio- 


active isotopes. 
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True fecal excretion of iron appears to be of negligible proportion. The 
average figure of 1.9 per cent Fe* found in the gastrointestinal tract of the 
injected rats supports the suggestion of Hahn, Whipple, and coworkers, 
that much of the fecal iron may be derived from the epithelial wastage of 
the stomach and intestine. 

Cobalt—The literature on the metabolism of cobalt prior to the intro- 
duction of the isotope-labeling technique is scant, inconclusive, and contra- 
dictory. 

The presence of cobalt in bile was demonstrated in 1884 by Stuart. 
This was substantiated by Caujolle but denied by Mascherpa (see (9)). 

In tracer experiments with the radioactive element, Copp and Green- 
berg (3) observed that the urine is the chief path for the true excretion of 
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Fig. 1. The rate of elimination of Fe*, Co*, and Mn* in the bile. Curve 1, Co* in- 
jected; Curve 2, Co* orally; Curves 3 and 4, Fe*; Curve 5, 0.1 mg. of Mn* injected; 


Curve 6, 0.01 mg. of Mn* injected; Curve 7, Mn* orally. 


cobalt. This was corroborated by Kent and MecCance (9) and the results 
of the present study. An average of 63.5 per cent of a 0.1 mg. dose of in- 
jected Co* was eliminated by way of the urine and only 8.4 per cent ap- 
peared in the feces and bile (Table 1). Upon oral administration, an aver- 
age of 18.5 per cent appeared in the urine and about 40 per cent in the feces. 
In the latter case, the difference must be mainly due to incomplete absorp- 
tion of orally administered cobalt. The absorbed cobalt is chiefly excreted 
by the kidneys. These results agree with the previous findings of Copp 
and Greenberg. 

The course of the elimination of Co* in the bile is shown in Curves 1 and 
2 of Fig. 1. The bile is an important pathway for the passage of cobalt 
from the body into the intestinal tract. That it is not the sole path is 
shown by the data for feces in Table I. Of the injected Co*, approxi- 
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mately equal quantities appeared in the bile and in the feces. As would 
be expected from the incomplete degree of absorption, only about half as 


TABLE I 


Partition of Labeled Iron, Cobalt, and Manganese, in Per Cent of 
Administered Dose 


ny 
Modeof| = is Gastro- 
_admin- Ss |o.5 Bile Urine Feces intestinal Liver 
istration) € icf tract 
<2 


Bile fistula rats 


me. | 
Fe (48 | Injec- 0.1 | 3 | 0.140.01' 1.64 0.5'0.24 0.2)1.941.5 
hrs.) tion 
Oral 0.1 | 2/0.240.1 | 1.44 0.9/28.5 + 10.2/20.6 + 3.3 
Co (72 | Injec- 0.1 5 | 3.541.4 63.54 8.54.94 0.6 2540.6 
hrs.) tion 
Oral 0.1 | 2 | 2.0+0.2 (18.5 + 12.0/39.6 + 12.0 3.540. 
Mn (48 Injec- 0.01) 2 27.140.4 | 5.44 1.4/5.6+4 0.9/21.2 4+ 0.927.143. 
hrs.) tion 
“ “ 0.1 | 3 37.34 
Oral 0.1/;2/)1.1+ 


1) i | 


6.562 1.7) 7.824 1.0/11.7 + 3.7 
l 7 + 4.: 


2 39.1 + 2.3/42. 4 


Rats without fistulas on modified milk diet* (24 hrs.) 


Mn Injec- 0.01 4 0.9+ 0.316 + 8.039 +8.526.64+1.9 
tion 
Oral 0.01) 4 0.74 0.144 + 6.042 +2.0 1.4+0.9 


Rats without fistulas on stock colony diet 





Mn | Intra-|0.01) 2 2.14 0.3/30.3+ 0.4/21.1 + 0.8)/11.8 + 3.7 
ven-| 
ous- 
lyt 
“ “t¢10.01) 2 0.6+ 0.3/49.2 + 5.0]10.2 + 0 9|17.0 + 2.0 














Administration of the element was by intraperitoneal injection, orally, or by 
intravenous injection. The figures given are mean values + the mean deviation. 

* Two of the rats in each of these two groups were injected with 1 mg. of thiamine 
chloride every other day for four periods prior to the time of administering Mn’. 

+t Analyses made after 24 hours. 

t Analyses made after 48 hours. 


much Co* was found in the bile upon oral administration as upon paren- 
teral administration. 

The considerable amount of Co* accumulating in the liver supports the 
suggestion that the bile plays an important part in the transport of cobalt 
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from the body to the intestine. The accumulation in the liver suggests 
that cobalt has a significant réle in the functioning of the liver. 

Manganese—The réle of manganese in animal biology has been the 
subject of fairly extensive investigation. The literature on this topic, up 
to 1935, has been reviewed by von Oettingen (10). Interest in manganese 
has been heightened by the discovery that it is required for the prevention 
of perosis in birds (11), and its deficiency is a possible factor influencing 
the occurrence of lameness in pigs (12). In support of earlier observations, 
manganese deficiency has recently been shown to result in impaired growth 
and sterility in both male and female rats (13). 

It appears to be quite well established that manganese is preferentially 
excreted into the alimentary canal and very little is eliminated by the way 
of the urine. Kobert in 1883 and Cahn in 1884 observed that large injected 
doses of manganese salts were mostly excreted with the feces and only 
traces appeared in the urine (see (10) for the references). Subsequent 
experimental work has supported this observation in the case of more 
physiological quantities. Greenberg and Campbell (2), using radioactively 
labeled Mn, found that 90.7 per cent of a 1 mg. dose injected intraperi- 
toneally into a rat was eliminated with the feces. 

Kent and McCance were unable to demonstrate any excretion of man- 
ganese injected intravenously in two of three human subjects. On the 
basis of this observation, they conclude that injecting small doses of man- 
ganese does not necessarily provoke an excretion of the metal. These 
authors criticize the work of Greenberg and Campbell because of the ad- 
ministration by intraperitoneal injection. It will be shown below that 
this does not alter the course of the excretion of manganese. 

Manganese was detected in the bile of cats after its oral administration as 
early as 1860 by Wichert (10). Bargero observed that the biliary excretion 
of manganese increased with the manganese content of the liver (14). 
Aside from these and a few other scattered observations, little information 
has appeared on the significance of the bile for the excretion of manganese. 

The present experiments show that the bile, under the conditions studied, 
is the most important vehicle for the transport of manganese from the 
body into the intestine. The passage of Mn* into the bile following its 
intraperitoneal injection is shown in Curves 5 and 6 of Fig. 1. When a 
0.01 mg. dose was given, an average of 26 per cent accumulated in the bile 
and with a 0.1 mg. dose an even greater fraction (37.3 per cent) appeared 
in this fluid in 48 hours. The Mn* in the bile under these conditions was 
from 1 to 3 times the quantity found in the alimentary tract and feces. 
Consequently, from 50 to 75 per cent of the injected manganese appearing 
in the feces is probably carried by the bile. 

The kidneys play a very minor réle in the excretion of Mn* even when it 








754 FE, CO, AND MN METABOLISM 


is injected. At most, the amount excreted into the urine is only a smal] 
fraction of the total dose. 

When the Mn* was given orally, only about 1 per cent was found in the 
bile (Fig. 1, Curve 6). Since 25 to 35 per cent of an injected dose of Mn* 
is excreted in the bile, this indicates that only 3 to 4 per cent of Mn* was 
actually absorbed from the intestine. The small amount of Mn* in the 
liver confirms this. It is probable that this poor absorption of Mn may 
be an important factor in producing Mn deficiency. 

The livers of the injected animals accumulated a large fraction of the 
Mn*. This would appear to indicate that manganese in excess of the 
tissue needs is transmitted to the liver preliminary to its excretion. 

A moderate degree of manganese deficiency changes the picture of man- 
ganese metabolism but little. This is shown by the Mn* partition in the 
rats reared on the modified milk diet. This differs but little from the 
picture observed in the bile fistula animals. 

The livers of the milk-fed rats were low in manganese, the average being 
0.085 + 0.008 mg. per 100 gm. of fresh weight, in contrast to normal values 
of about 0.25 mg. per 100 gm. 

The objection raised by Kent and McCance to intraperitoneal injection 
was shown to be groundless by the experiments on stock colony rats with- 
out fistulas (Table I). Four young adult rats weighing 200 gm. were 
lightly anesthetized with ether, and injected with 0.1 mg. of Mn* (as 
MnCl) in 0.2 ml. of physiological saline, through the femoral vein. The 
animals were then placed in individual metabolism cages and the excreta 
collected in the usual manner. Two of the rats were sacrificed at 24 hours 
and the other two at 48 hours. The results of the experiments show that, 
when the Mn* is given intravenously, a large fraction is quickly excreted 
into the intestinal tract. In 24 hours the feces and digestive tract con- 
tained around 51.5 per cent of the dose given, and in 48 hours, about 59.5 
per cent of the dose. The liver showed the same marked degree of accu- 
mulation of Mn* as was found upon intraperitoneal injection. The size 
of the dose injected cannot explain the difference between the present ex- 
periments and those of Kent and McCance. In the rat the manganese 
injected was between 0.05 and 0.5 mg. per kilo of body weight. The sub- 
jects used by Kent and McCance received 0.3 to 0.5 mg. of Mn per kilo. 

Some manganese is transmitted from the blood into the milk. A litter of 
three rats was born to a female rat maintained on the milk diet. The rat 
was injected with 0.05 mg. of Mn* intraperitoneally 2 days after parturi- 
tion. Two of the young were sacrificed 3 days after the injection and the 
Mn* determined. The bodies of the two rats contained 0.3 per cent of 
the dose. The remaining young was sacrificed 10 days following the injec- 
tion. Its body contained 1 per cent of the Mn* given the mother. 
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We are indebted to Professor E. O. Lawrence and the staff of the Radia- 
tion Laboratory of the University of California for the radioactive isotopes 
used in these experiments. We are grateful to Miss Frances M. Troescher 
for assisting us with a number of the experiments. 


SUMMARY 


1. The radioactive isotopes of iron, cobalt, and manganese were used to 
study the partition and mode of excretion of these elements. The impor- 
tance of the bile as a vehicle for the excretion of the above elements was 
tested by employing an artificial gallbladder type of fistula. 

2. Parenterally administered iron is excreted to only a slight degree, and 
is largely retained in the body. Only a trace of labeled iron appeared in 
the bile and but little more in the fecal contents. 

3. The urine is the chief pathway for the excretion of cobalt. Orally 
administered cobalt is only partially absorbed and thus a large proportion 
passes through the intestinal tract and is eliminated with the feces. The 
bile is an important but is not the sole pathway for the passage of cobalt 
from the body into the intestinal tract. Considerable amounts of labeled 
cobalt accumulate in the liver. 

4. Manganese is excreted almost totally with the feces and very little is 
eliminated in the urine. The bile plays a réle of great importance in the 
intestinal excretion of manganese. Probably 50 to 75 per cent of the 
manganese that makes its way from the body into the intestinal canal is 
carried by the bile. 

Orally administered manganese is very poorly absorbed even if the ani- 
mal is in a fasting condition. The liver accumulated 10 to 30 per cent of 
parenterally administered, labeled manganese. Manganese in excess of 
the tissue needs may be transmitted to the liver preliminary to its excretion. 

Manganese injected into the body of a lactating female is transmitted 
into the milk in small quantities. 
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RADIOACTIVE IODINE AS AN INDICATOR OF 
THE METABOLISM OF IODINE 


yI. THE FORMATION OF THYROXINE AND DITODOTYROSINE BY THE 
COMPLETELY THYROIDECTOMIZED ANIMAL* 


By M. E. MORTON, I. L. CHAIKOFF, W. O. REINHARDT, anv 
EVELYN ANDERSON 
From the Divisions of Physiology and Anatomy of the Medical School and the Institute of 
Experimental Biology, University of California, Berkeley) 


(Received for publication, January 7, 1943) 


The early discovery that physiological activity in the thyroid gland was 
associated with an iodoprotein (1, 2) led logically to investigations of the 
physiological effects and chemical properties of various proteins or pro- 
tein fractions that had been subjected to artificial iodination. In 1933- 
34, Abelin et al. observed physiological effects resembling those produced by 
the thyroid gland after the administration of fractions obtained by hy- 
drolysis of iodinated protein (3, 4). It was not until 1939, however, that 
Ludwig and von Mutzenbecher (5) clearly demonstrated the isolation of 
crystalline thyroxine from the following proteins after treatment with 
molecular iodine: casein, serum albumin, serum globulin, silk fibroin, 
and edestin. The chemical identity of thyroxine was established by 
elementary analysis, determination of physical and chemical properties, 
and by the preparation of thyronine by catalytic hydrogenation of the 
thyroxine. These workers also obtained diiodotyrosine and monoiodo- 
tyrosine from these iodinated proteins. The isolation of crystalline 
diiodotyrosine, however, from a hydrolysate of iodocasein had been re- 
ported earlier (1910) by Oswald (6), whereas the preparation of thyroxine 
from iodinated casein was later (1939) confirmed by Harington and 
Rivers (7). Interestingly enough, von Mutzenbecher (8) has further 
shown that thyroxine is formed when diiodotyrosine is incubated with 
NaOH for 14 days, an observation that has received recent confirmation 
from Block (9) and Johnson and Tewkesbury (10). The latter (10) have 
also shown that pyruvic acid is a product of this reaction and on the basis 
of this finding have proposed a possible mechanism to explain the forma- 
tion of thyroxine. 

Since the early work of Abelin, physiological effects closely resembling 
thyroid activity have repeatedly been observed to follow the administra- 
tion of iodinated protein and fractions of their hydrolysates (11-14). But 

* Aided by grants from the Commonwealth Fund and the Committee for Research 


in Endocrinology of the National Research Council. 
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the chemical significance of these findings is not clear at the present time, 
since in no case have they been correlated quantitatively with a definite 
organic molecule in the mixture fed. 

The observations recorded above, particularly those dealing with the 
actual identification of thyroxine and diiodotyrosine in the hydrolysates of 
iodinated proteins, raised the interesting question whether thyroxine and 
diiodotyrosine can be formed elsewhere in the body than in the thyroid 
gland.' The demonstration of the presence of thyroxine and diiodotyro- 
sine in the thyroidless animal does not necessarily prove that tissues other 
than the thyroid can synthesize these compounds; they could have been 
synthesized before excision of the thyroid glands and stored in the tissues. 
This particular objection can be overcome with the use of a tagged iodine. 
In the present investigation the ability of the completely thyroidectomized 
animal to form diiodotyrosine and thyroxine was tested with the aid of a 
labeled iodine. Radioactive iodine was administered several weeks after 
excision of the thyroid gland; radiodiiodotyrosine and radiothyroxine, if 
found thereafter, must have been formed only after excision of the thyroid 
glands. The completeness of thyroidectomy was established by two 
procedures, (1) histological examination of all serial sections of tissues of 
the neck and thorax, and (2) a procedure involving the iodine-concentrating 
capacity of thyroid tissue. 


EXPERIMENTAL 
Thyroidectomized Rats 


The rats shown in Table I were thyroidectomized at the age of 4 to 6 
months. For 2 to 8 months thereafter they were maintained on a stock 
diet. Each rat then received intraperitoneally 1 cc. of an isotonic NaCl 
solution containing tracer amounts of radioiodide (1 X 10’ counts per 
minute). The preparation of tracer amounts of I" has been described 
elsewhere (16, 17). 

At intervals of 2 to 96 hours after the injection, the animals were anes- 
thetized with nembutal. Blood was then removed by heart puncture and 
centrifuged. 3 cc. samples of plasma were pooled from each of two rats, 
thus making 6 cc. available for each analysis. The small intestine was 
removed, washed through with isotonic saline, weighed, and minced, and 


! Chapman has suggested the conversion of iodine to a thyroxine-like substance in 
tissues other than the thyroid (15). This suggestion was based in part on the ob- 
servation that the oxygen consumption was higher in thyroidectomized rats main- 
tained on a high iodine diet than in those kept on a low iodine diet. It is questionable 
whether small increases in oxygen consumption in thyroidectomized rats can be 
accepted as evidence for the formation of a thyroxine-like substance. Furthermore, 
the absence of thyroid tissue in Chapman’s thyroidectomized rats was not established. 
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samples weighing approximately 5 gm. were taken for analysis. Liver and 
gastrocnemius muscle were similarly weighed, chopped, and sampled. 
In some cases somewhat less than 5 gm. of muscle was available from both 
gastrocnemii; in such cases a small amount of muscle was removed from 
the thigh to make up the required amount. The plasma and tissues were 


TABLE I 
Formation of Thyroxine and Diiodotyrosine by Thyroidectomized Rats 





Oxygen “ of tissues 
consumption Time = ound as 
Rat | Body — Teme ater cared Tm - 
No. weight | thyroid-| Per De- ion of recovered Di- 
ectomy | sq.m. | crease ust per gm. | Thy- | iodo- | Inor- 
per 24 below roxine; tyro- | ganic 
hrs. | normal* sine 
gm. mos. liters pod hrs. per cent = = | and 
13lv | 395 | 8 97 | 47 | Small intestine 2 | 0.132 1.5 |13.6 |87.4 
132 385 | 2 96 48 sn = 2 0.143 1.5 | 9.4 |90.0 
131 | Liver 2 | 0.0733 | 1.9 |12.6 |88.4 
132 7 2 0.0648 1.7 j11.4 |85.1 
134. | 290 4 92 50 | Small intestine 2 0.110 | 1.9 |20.1 |78.4 
137 310 8 108 41 co “s 24 0.0494 3.9 |19.9 |69.6 
134 Liver 24 0.0692 1.8 {20.5 |77.5 
137 mn 24 0.0444 4.5 |15.2 |80.4 
134 Muscle 2! 0.0408 | 1.3 | 8.1 |88.0 
137 re 24 | 0.0190 | 3.3 {12.0 |83.1 
134f 285 | 2 109 41 Plasma 24 0.212 1.0 | 7.01/91.8 
135t | 
mt] ..| os " = ee 
137 415 8 101 | 45 24 | 0.126 0.8 |12.2 |86.9 
140 | 375 2 95 | 48 | Small intestine 96 | 0.00583 | 8.0 |13.0 [74.7 
141 415 2 105 43 7 Wy 96 0.00861 | 7.2 |15.0 |77.4 
140 Liver 96 | 0.00563 | 5.8 [21.2 |73.7 
141 = 96 9.00957 | 8.6 {21.3 |69.9 








* The mean value observed by one of us (E. Anderson) for normal fed rats main- 
tained under conditions identical with those of the thyroidectomized rats recorded 
in this study was 184 + 3 liters per sq.m. per 24 hours. 

t The plasma was pooled from Rats 134 and 135. 

t The plasma was pooled from Rats 136 and 137. 


hydrolyzed and analyzed for radiothyroxine, radiodiiodotyrosine, and 
radioiodide by the method already described (17-19). 

Determinations of oxygen consumption for the rats recorded in Table 
I were made a few days before the injection of the radioiodine. The 
Benedict multiple chamber apparatus (20) was used to determine the 
oxygen consumption of rats. The animals were kept in a constant tem- 
perature room at 28.5° for 24 hours before the measurements were made. 
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Since hypophysectomized rats (see below) do not tolerate fasting, all 
measurements of oxygen consumption were made during the absorptive 
state. The values, expressed as liters per sq.m. of body surface per 24 
hours, were 41 to 50 per cent below the mean value observed by one of us 
(E. A.) for normal fed rats (Table I). 

The distribution of the administered I'* among thyroxine, diiodotyro- 
sine, and iodide fractions is shown in the last three columns of Table I. 
At the 24 hour interval after the injection, the radioiodine in these three 
fractions was measured in the small intestine, liver, muscle, and plasma, 
whereas at 2 and 96 hour intervals measurements were made in only the 
small intestine and liver. 

Diiodotyrosine—A rapid conversion of the administered radioiodide to 
diiodotyrosine is shown in Table I. By as early as 2 hours, each gm. of 
small intestine contained about 0.1 per cent of the injected radioiodine, 
and as much as 14 per cent of this I'* was present as diiodotyrosine. At 
this same time interval as much as 13 per cent of the liver radioiodine was 
present as diiodotyrosine. 

At the 24 and 96 hour intervals somewhat more (15 to 21 per cent) I 
of the small intestine and liver was present as diiodotyrosine. Somewhat 
smaller amounts of the I'*' were found as diiodotyrosine in muscle and 
plasma. 

From the results as a whole it appears that radiodiiodotyrosine attains a 
maximum value very soon. 

Thyroxine—Less than 2 per cent of the I'* contained in intestine and 
liver was found in the form of thyroxine at the 2 hour interval. Although 
these low values are of slight significance, the larger amounts found at 24 
hours and, more particularly, at 96 hours in small intestine are evidence 
that the rats recorded in Table I formed thyroxine. Thus at 96 hours 8 
per cent of the I'* of the small intestine and as much as 8.6 per cent of 
that of the liver were incorporated into thyroxine. 

Inorganic—The largest fraction of I'*' of each tissue was present in the 
inorganic form at all three intervals examined. 


Thyroidectomized-H ypophysectomized Rats 


Accessory thyroid tissue, if present, or fragments of the gland missed at 
operation, would be depressed by the additional removal of the hypophy- 
sis. For this reason rats were subjected to both thyroidectomy and hy- 
pophysectomy. The rats shown in Table II were thyroidectomized first 
and hypophysectomized 9 days later. 7 weeks after hypophysectomy each 
animal was injected intraperitoneally with 2 cc. of an isotonic NaCl solu- 
tion containing a tracer dose of radioiodide. All four rats were anesthe- 


‘tized with nembutal 96 hours after the administration of the radioiodine. 
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Blood was removed by heart puncture and centrifuged for the separation 
of plasma. Liver and small intestine were then excised and treated in the 
manner described above. Determinations of the oxygen consumption of 
the rats recorded in Table II were made on several occasions after hy- 
pophysectomy, the last determination coming 24 hours before they were 
sacrificed. 

No difference was observed between the thyroidectomized rat (Table I) 
and the rat subjected to both thyroidectomy and hypophysectomy as 
regards the distribution of I'* of the small intestine and liver among 
diiodotyrosine, iodide, and thyroxine. Thus 20 to 24 per cent of the I 
contained in either the small intestine or in the liver of the thyroidec- 


TABLE II 
Formation of Thyroxine and Diiodotyrosine by Thyroidectomized-H ypophysectomized 


Rats 
~~ © ps I'31 of tissues found as 
Rat Body aA recovered 
1. @ aaaale <a Tissue gO ee ow 
No. — Per Decrease brs. after | thy. IDiiod I 
sq.m for below injection | ~ ae 10- nor- 
34 hrs. normal roxine (tyrosine ganit 
gm liters per cent per cent | per cent per cent | per cent 
142 | 204 94 19 Liver 0.0155 | 3.9 | 24.1 | 72.0 
142 204 Small intestine 0.0165 3.7 | 20.3 | 76.1 
143 | 200 115 38 Liver 0.0151 5.4 | 20.6 | 67.7 
143 200 Small intestine 0.0111 3.8 | 19.6 | 75.0 
144 203 112 39 Liver 0.0126 | 4.6 | 23.7 | 72.0 
144 203 Small intestine 0.00804 7.8 | 21.7 | 70.7 
145 190 104 43 Liver 0.00945 4.9 18.0 | 74.0 
145 190 Small intestine 0.0106 8.6 | 21.5 | 68.4 


* All rats were 65 days old at the time of thyroidectomy. 9 days after thyroi- 
dectomy they were hypophysectomized. An interval of 7 weeks followed before the 


experiment was carried out. 


tomized-hypophysectomized animals was found as diiodotyrosine. As 
much as 8.6 per cent of the I'*' of the small intestine was present as thyrox- 
ine. Approximately 25 to 30 per cent of the I'* of these tissues was 


organically bound. 


Formation of Thyroxine and Diiodotyrosine in Rats Shown to Be Completely 
Thyroidectomized by Radioautographic and Histological Methods 
Proof as to whether thyroxine and diiodotyrosine can be formed in the 
absence of all thyroid tissue can only be as valid as the evidence provided 
for completeness of thyroidectomy. The procedures commonly employed 
to establish completeness of thyroidectomy are as follows: (1) gross in- 
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spection of the site of operation. This examination, even when done with 
the binocular microscope, may fail to identify minute fragments of thyroid 
tissue; (2) examination of the operative region by means of serial sections, 
To exclude the presence of all thyroid tissue, however, serial sections must 
be made of the entire path of development of the thyroid gland. This 
involves all structures from the base of the tongue to the heart and, be- 
sides the tongue, heart, and pericardium, includes the esophagus, larynx, 
trachea, thymus, and related structures. The preparation and examina- 
tion of serial sections of such an amount of tissue are tedious and time- 
consuming processes. Even a careful observer, moreover, may fail to 
detect small isolated groups of cells of thyroid epithelium in the absence of 
typical follicular morphology; (3) measurements of oxygen consumption 
or other metabolic tests can only be regarded as presumptive indications of 
the completeness of thyroidectomy. A previous study (21) has shown that 
a low oxygen consumption in a thyroidectomized rat is not incompatible 
with the presence of extremely small fragments of iodine-concentrating 
tissue, presumably thyroid. 

To test the completeness of thyroidectomy in the present study use was 
made of the known ability of thyroid tissue to concentrate iodine, and in 
addition histological examination was made of all serial sections of all 
tissues in the neck and chest regions. 

Rats were thyroidectomized at the age of 38 to 41 days. 13 days later 
ach rat received intraperitoneally 1.7 ec. of an isotonic NaCl solution 
containing tracer amounts of radioiodine (1 X 107 counts). The animals 
were anesthetized with nembutal 114 hours after the injection of the I. 
Plasma, liver, and small intestine were removed for determination of their 
radiothyroxine, radiodiiodotyrosine, and inorganic radioiodine contents. 

The animals were then subjected to the following examination to de- 
termine the completeness of thyroidectomy. The site of operation was 
examined under a binocular microscope. Radioautographs (21) were 
then made from two tissue masses. The region normally occupied by the 
thyroid gland was removed in toto; this included trachea, larynx, and esoph- 
agus. The second tissue mass included all tissues in which one might 
expect to find either aberrant or operatively misplaced thyroid tissue; 
namely, the base of the tongue, the remainder of the trachea and esoph- 
agus, thymus, heart and pericardium, neck muscles, and great vessels. 
The two tissue masses were placed on a filter paper, covered with a thin 
sheet of cellophane, and rolled flat. The above preparations were then 
placed in an x-ray cassette. A sensitive ‘“non-screen’”’ x-ray film was 
placed in contact with the cellophane and the cassette closed. Exposures 
were made over varying intervals (1, 19, and 48 hours). 

The results obtained on three thyroidectomized rats are recorded in 
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Table III. In Rats 2 and 9, there was a complete absence of all thyroid 
tissue as shown by (1) gross inspection of the thyroid region, (2) failure to 
demonstrate iodine-concentrating tissue in the neck and chest regions by 
radioautographic methods,? and (3) failure to detect thyroid tissue after 
histological examination of all serial sections of the entire neck and chest 
regions. 

A fragment of iodine-concentrating tissue was left in the region of the 
thyroid gland of Rat 3. Observations on this rat were included in Table 
III to provide a comparison with Rats 2 and 9. 


TaBLe III 


Formation of Thyroxine and Diiodotyrosine in Rats Tested for Completeness 
of Removal of Thyroid Tissue 
The animals were killed 114 hours after the injection of I'*'. 


Test for completeness of thyroidectomy I'31 of tissues 
Adminis- recovered as 
Pt Weight | Radioautographs* Tissue = slashes - 
pil Thyroid regi Neck and per gm. | Thy- | 4 sty | nor 
yroid region’ chest region FOxINE | rosine | S*2*% 
em. | percent | 2a, | cent | cent 
2 130 | Complete | Complete | Complete! Plasma 0.00412 5.4 | 8.0 86.5 
2 Smallin- (0.00265 | 5.2 |17.9 |76.9 
testine 
2 Liver 0.00190 8.8 33.2 58.0 
9 126 ” ™ we Plasma 0.00469 | 4.1 |17.0 78.9 
9 Smallin- 0.00153 13.6 22.8 63.6 
testine | 
9 Liver 0.00118 11.5 31.1 57.4 
3 126 | Frag- Incom- sc Plasma 0.0182 16.0 13.9 70.1 


mentt plete 


*See the text for a description of the procedure. 
t This fragment was left in the normal location of the thyroid gland and was less 


than 1.0 mm. in diameter. 


Newly formed thyroxine and diiodotyrosine were found in the tissues of 
rats (Nos. 2 and 9) shown to be deprived of all thyroid tissue. As much as 
14 per cent of the I'*' of the small intestine was present as thyroxine 114 
hours after the injection of the labeled iodine. There can be no question 
of the ability of either Rat 2 or Rat 9 to convert iodide to diiodotyrosine. 
The largest conversion was observed in the former animal; 33 per cent of 
its liver I'*' was present as diiodotyrosine. 

2 It is of interest to note that four of a series of twelve thyroidectomized rats 
showed iodine-concentrating tissue (presumably thyroid tissue) in the mediastinal 


region, by the above radioautographic procedures. This means that these animals 
could not have been completely thyroidectomized by the usual surgical technique. 


om 
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The plasma of Rat 3, in which a fragment of thyroid tissue remained, 
contained more than 3 times as much of the administered I'* as did the 
plasma of Rats 2 and 9. Moreover, the fraction of the I'*' of the plasma 
found in the form of thyroxine was much greater in Rat 3 than in Rat 2 


or 9. 


Identification of Radiothyroxine and Radiodiiodotyrosine Isolated from Plasma 
of Thyroidectomized Rats by Their Recrystallization to Constant Specific 
Activity 

The possible occurrence of iodinated compounds other than thyroxine 
and diiodotyrosine in animal tissues should be considered. Although 
diiodothyronine has not been found in animal tissues, it would, if present, 
appear mainly in the diiodotyrosine fraction in the analysis used in the 
present investigation (22). Monoiodotyrosine has recently been isolated 
by Ludwig and von Mutzenbecher (5) from iodinated casein and by Her- 
riott from iodinated pepsin (23); if present in animal tissues, this substance 
would probably follow the diiodotyrosine fraction. The procedure by 
which the actual presence of radiothyroxine and radiodiiodotyrosine in the 
plasma of the thyroidectomized rat was established is similar in principle 
to one described elsewhere (24). 

1.5 ec. of plasma were pooled from each of the four rats listed in Table IT. 
The 6 ce. of plasma so obtained were hydrolyzed with 60 cc. of 2 N NaOH 
for 8 hours on the steam bath. The resultant hydrolysate was cooled and 
acidified carefully with concentrated HCl. A total of 4 ec. of 0.02 m KI 
was added as carrier. After oxidation with KIO; the inorganic radioio- 
dine was extracted six times with CCl. The aqueous layer containing 
the organically bound radioiodine was adjusted to pH 3.5 to 4.0 with 2 Nn 
NaOH. ‘Two extractions with butyl alcohol were then made to remove 
thyroxine, the first with 50 cc. and the second with 25 cc. The butyl 
alcohol fractions were combined and reextracted with two portions (75 
and 35 ec.) of 20 per cent technical NaOH to remove the diiodotyrosine. 
These two alkaline washings were combined with the initial aqueous layer. 
The butyl alcohol layer was evaporated to dryness under reduced pressure. 
50 mg. of non-radioactive crystalline thyroxine were added to the butyl 
alcohol residue as carrier and the mixture taken up in hot 0.10 N KeCO;. 
The thyroxine was recrystallized by way of the K salt, as described by 
von Mutzenbecher (8). 

The alkaline aqueous fraction containing diiodotyrosine was evaporated 
to about 30 ec. under reduced pressure and acidified to pH 3.5 to 4.0 with 
HCl. Six extractions with 30 cc. portions of butyl alcohol were made. 
These butyl alcohol layers, which now contained the diiodotyrosine, were 
combined and evaporated to dryness under reduced pressure. 50 mg. 
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of non-radioactive crystalline diiodotyrosine were added to the butyl 
alcohol residue and the mixture taken up in hot 70 per cent ethyl alcohol. 

The thyroxine and diiodotyrosine were each recrystallized five times 
further, the thyroxine as the potassium salt and the diiodotyrosine from 
70 per cent ethyl alcohol. In each recrystallization of thyroxine, 10 mg. of 
non-radioactive diiodotyrosine were added in order to wash out any con- 
taminating radiodiiodotyrosine by dilution. In the case of the diiodotyro- 
sine recrystallization, 10 mg. of non-radioactive thyroxine were added 
ach time for the same purpose. After each recrystallization the specific 
activities of the thyroxine and diiodotyrosine were determined according to 
the procedure described elsewhere (24). 

Table IV shows that a constant amount of radioactivity remained asso- 
ciated with each compound despite repeated recrystallizations and wash- 
ings. It should be observed that the specific activities of both thyroxine 


TaBLe IV 
Recrystallization of Thyroxine and Diiodotyrosine to Constant Specific Activity 
The specifie activity is measured by the ratio of the radioactivity to the colori- 


meter reading. 


Thyroxine Diiodotyrosine 
Recrystalli- oui ion ————— 
zation — - a. , a na 
Colorimeter a 2s Specific Colorimeter oe Specific 
reading Radioactivity activity ane Radioactivity activity 
counts per min counts per min. 
Ist 542 285 0.53 322 595 1.85 
2nd 170 220 0.47 408 690 1.69 
3rd 630 270 0.43 394 635 1.61 
4th 534 250 0.47 330 520 1.58 
5th 555 240 0.43 368 610 1.66 


and diiodotyrosine did not change significantly after the second recrystalli- 
zation. This would be expected to occur only in a case in which the sub- 
stance giving the radioactivity was identical with the material that 
underwent repeated recrystallization. If two substances were involved, 
one being adsorbed on the other, it is not likely that a constant specific 
activity would be obtained by repeated recrystallizations and washings. 
It was shown elsewhere that, when radioiodide or radiodiiodotyrosine was 
added to non-radioactive crystalline thyroxine, only two recrystallizations 
of the latter were necessary to remove the radioactive substances com- 
pletely from the thyroxine. This was also found to be true when radio- 
iodide or radiothyroxine was added to non-radioactive diiodotyrosine and 
recrystallizations of the latter carried out. No radioactivity was found 
associated with the crystalline diiodotyrosine after its second recrystalliza- 
tion (24). 
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The results indicate the presence of newly formed thyroxine and diiodo- 
tyrosine in the thyroidectomized-hypophysectomized animal; the ['* jn 
the thyroxine-like fraction cannot be due to contamination with radio- 
diiodotyrosine or radioiodide, and the I" in the diiodotyrosine-like frae- 
tion cannot be ascribed to contamination with radiothyroxine or radio- 
iodide. 

Reliability of Quantitative Procedures Employed for Measurement of 
Thyroxine and Diiodotyrosine 


In view of the low value of I'* of the tissues found as thyroxine, it is of 
interest to note here the validity of the quantitative procedure employed 
for the determination of the three iodine fractions. The following experi- 

TABLE V 
Recovery of Added Thyroxine and Diiodotyrosine 


Initial radioactivity recovered as 


Experiment No Radioactivity initially present as 

Thyroxine Diiodotyrosine Inorganic iodine 

per cent per cent per cent 

l lodide 0.61 0.83 98.6 

sé 0.17 0.28 99.5 

ss 0.82 0.60 98.5 

a 0.69 0.81 98.8 

2a l-Diiodotyrosine 0.70 96.8 3.0 

— 1.0 97.4 1.8 

2b dl-Diiodotyrosine 0.95 98.0 0.91 

. 0.69 97.9 0.99 

3a dl-Thyroxine 96.6 3.4 0.01 

= 98.1 1.8 0.00 

3b ~. 87.2 5.82 6.95 

w 88.3 5.40 6.30 


ments, in addition to demonstrating the accuracy with which radiothy- 
roxine, radiodiiodotyrosine, and radioiodide can be measured in tissues, 
show that owing to a slight loss the thyroxine values recorded in Tables 
I to III are slightly low. 

Experiment 1—Radioiodide was added to non-radioactive desiccated 
thyroid tissue and carried through the hydrolysis and fractionation pro- 
cedure. 

Experiment 2—Radiodiiodotyrosine was prepared in two ways, (a) by 
synthesis according to Harington’s method (25) and (6) by isolation from 
the thyroid gland of a rat injected with radioiodine, as described above in 
the section on recrystallization. The radiodiiodotyrosine so isolated was 
added to non-radioactive desiccated thyroid tissue and the latter hydro- 
lyzed and fractionated in the usual manner. 
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Experiment 3—Radiothyroxine was isolated from the thyroid of a rat 
previously injected with radioiodine in the manner described above in the 
section on recrystallization. The radiothyroxine so obtained was treated 
in two ways to determine the effect of the hydrolysis procedure upon 
thyroxine recovery: (a) radiothyroxine was added to non-radioactive 
desiccated thyroid tissue previously hydrolyzed with 2 n NaOH and this 
mixture was then extracted with butyl alcohol according to the usual 
procedure for fractionation; (b) radiothyroxine was added to non-radio- 
active desiccated thyroid tissue and the whole mixture subjected to 
hydrolysis and fractionation in the usual manner. 

The results of the above experiments are given in Table V. A slight 
breakdown of diiodotyrosine occurs in the procedure. Approximately 12 
per cent of the thyroxine is decomposed during the hydrolysis; the radio- 
iodine from the decomposed radiothyroxine appears equally distributed 
between the diiodotyrosine-like and inorganic iodine fractions. It is thus 
evident that the values for the thyroxine-like fractions shown in Tables 
I to III are probably low. 


DISCUSSION 


The results of the present investigation show that rats whose metabolic 
rate has been reduced considerably by excision of the thyroid gland or of 
both thyroid and pituitary glands are still able to convert inorganic iodine 
to diiodotyrosine. Inert crystalline diiodotyrosine was added to the 
radioactive diiodotyrosine-like fraction extracted from plasma; repeated 
recrystallizations of diiodotyrosine so labeled yielded a constant radioac- 
tivity per unit amount of crystalline diiodotyrosine: This observation 
would leave little doubt that the injected iodide was converted into di- 
iodotyrosine by the tissues of the thyroidectomized rat. Indeed, as early 
as 24 and 96 hours after the introduction of radioiodine, 20 per cent of the 
radioiodine contained in the liver and in the small intestine was found 
organically bound as diiodotyrosine. A comparison between the results 
obtained in the present investigation and those previously obtained in the 
normal animal (17) suggests that the rate at which injected inorganic 
radioiodine appears as diiodotyrosine in the liver and small intestine is 
not diminished by excision of the thyroid glands, although it should be 
pointed out that values cannot be assigned to the absolute amounts taking 
part in this conversion. The formation of diiodotyrosine was also shown 
to occur in rats in which the absence of all thyroid tissue was demonstrated. 

The conversion of inorganic iodine to thyroxine is shown here to occur in 
the rat deprived of its thyroid glands for several months. The presence of 
newly formed thyroxine was definitely established by demonstrating a 
constant specific activity in the thyroxine obtained by five separate re- 
crystallizations from a mixture of inert crystalline thyroxine which had 
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been added to the thyroxine-like fraction removed from the tissues. 96 
hours after the injection of inorganic radioiodine, as much as 10 per cent 
of the radioiodine contained in the liver and small intestine was present as 
thyroxine. These amounts of radiothyroxine cannot be explained by 
experimental errors in the extraction procedures. The conversion of 
iodide to thyroxine was also observed in rats in which the absence of all 
thyroid tissue was demonstrated experimentally. 

The question arises what tissues are involved in the formation of thy- 
roxine and diiodotyrosine in the rat deprived of all thyroid tissue. A 
comparison of the specific activities of thyroxine and of diiodotyrosine in 
plasma and tissues would yield interesting information on this point. 
Thus higher specific activities of thyroxine and diiodotyrosine in muscle, 
liver, or small intestine than in plasma would show that plasma is not 
contributing appreciable amounts of those compounds to these tissues. 
To make this conclusion valid, specific activities should be measured at a 
time before their maximum values are attained. Such studies are in 


progress in this laboratory. 
SUMMARY 


1. The conversion of iodide to diiodotyrosine and thyroxine was meas- 
ured in rats whose oxygen consumptions had been reduced considerably by 
excision of all visible thyroid tissue. As early as 96 hours after its injec- 
tion, 30 per cent of radioiodine contained in the liver and in the small in- 
testine was organically bound, 20 per cent as diiodotyrosine and as much 
as 8 per cent as thyroxine. 

2. The presence of newly formed radiodiiodotyrosine and radiothyrox- 
ine was established in rats that had been deprived of their thyroid glands 
for several months by demonstrating a constant radioactivity per unit of 
crystalline material obtained during several recrystallizations of (1) a 
mixture of the thyroxine-like fraction of the tissues and inert crystalline 
thyroxine and (2) a mixture of the diiodotyrosine-like fraction of the 
tissues and inert crystalline diiodotyrosine. 

3. The conversion of iodide to thyroxine and diiodotyrosine was demon- 
strated in rats shown to be completely deprived of all thyroid tissue by (1) 
histological examination of all serial sections of all tissues from the base 
of the tongue to and including the trachea, esophagus, thymus, heart, 
pericardium, and associated great vessels and (2) the absence of iodine- 
concentrating tissues in the neck and mediastinal regions as measured by 
radioautographiec procedures. 
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THE MECHANISM OF CARBON DIOXIDE FIXATION IN 
CELL-FREE EXTRACTS OF PIGEON LIVER* 
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| The fixation of COs by cell-free extracts of pigeon liver has been reported 


previously (1). 


This paper deals with a detailed study of these extracts 


and describes a preparation in which the initial fixation and the subsequent 
distribution of labeled carbon are apparently the result of the occurrence 


of the accompanying reversible reactions. 
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Reactions 1 and 2 occur when pyruvate alone is present as a substrate. 
' Reactions 3 and 4 occur in addition when fumarate or malate is added with 


pyruvate. 


* Aided in part by grants from the John and Mary R. Markle Foundation and 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 


Chicago. 
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Methods 


Pyruvate was determined by the carboxylase method (2), succinate 
according to Krebs’ modification (3) of Szent-Gyérgyi and Gézsy’s pro- 
cedure (4), fumarate and malate according to Krebs, Smyth, and Evans 
(5), a-ketoglutarate according to Krebs and Eggleston (6), citrate accord- 
ing to Pucher, Sherman, and Vickery (7), lactate according to Friedemann 
and Graeser (8). Total carbon dioxide was determined by pipetting an 
aliquot into 10 per cent NaOH in a Warburg vessel and measuring, mano- 
metrically, the carbon dioxide liberated on tipping acid in from the side arm, 
In all those experiments in which analyses were made for total carbon 
dioxide, incubation was carried out in a vessel completely filled with the re- 
action mixture and tightly stoppered so that there was no gas phase present. 

Suitable dilutions of redistilled standard molar pyruvic acid were neu- 
tralized immediately before use with 1 m NaHCO;. Oxalacetic acid was 
prepared from the sodium salt of diethyl oxalacetate according to Krampitz 
and Werkman (9). All acidic substances were added as the neutral sodium 


salts. 

Preparation of Enzyme—The livers were removed from pigeons imme- 
diately after decapitation, cooled on ice, and minced. The mince was im- 
mediately suspended in 5 volumes of ice-cold acetone, stirred for 5 minutes, 
and filtered off with suction. If the powder thus obtained did not dry 
rapidly, the acetone treatment was repeated. Such powders, stored in a 
vacuum desiccator in the refrigerator, were stable for a month or longer. 
The crude enzyme mixture was prepared by extracting the acetone powder 
for 5 minutes at 40° with 8 volumes of distilled water and centrifuging off 
the solid particles. The red-brown supernatant was clear or cloudy, 
depending apparently on the glycogen content of the livers used. This 
extract was either used directly or was dialyzed or precipitated with 
ammonium sulfate. Further details are given in the description of the 
individual experiments. 

Assay for Utilization of C'O2.—Carbon dioxide utilization was measured 
by incubating a given preparation at 40° with various additions in the 
presence of a known amount of CO, (added as an aliquot of a dilute Na- 
CO, solution). At the end of the reaction time the mixture was depro- 
teinized with a measured amount of 10 per cent metaphosphoric acid and 
filtered. C™O. was removed from the filtrate by bubbling carbon dioxide 
through the solution for 30 minutes. Control experiments in which C"O, 
was added to filtrates after precipitation with metaphosphoric acid showed 
that this treatment adequately removed all traces of labeled carbon present 
as carbon dioxide. The radioactivity remaining in the filtrate, therefore, 
represented the total amount of C™ fixed in organic form. The radioac- 
tivity of aliquots of the filtrate and of the original NayC"O; solution was 
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measured quantitatively with a Geiger-Miiller counter. The C" fixation 
was calculated and expressed as per cent of the total C" initially added to 
the sample. The amount of carbon represented by a given amount of 
radioactivity will vary with the total amount of available carbon in which 
the C" may be distributed. This was not the same in different experi- 
ments, since a variety of procedures was employed. While at first the en- 
zyme was assayed under conditions similar to those employed in working 
with fresh liver mince (10), nitrogen was substituted for oxygen when it 
was found that fixation occurred just as readily under anaerobic as under 
aerobic conditions. In the experiments described in Tables I and III, 4 
ml. of Ca-free Krebs’ bicarbonate-saline plus the various substrates were 
equilibrated with 95 per cent No, 5 per cent carbon dioxide in 50 ml. vessels 
at 40°. Then 4 ml. of enzyme and 1 ml. of NazC"O; were added, the ves- 
sels were stoppered, and the mixture was incubated with shaking for 20 


TABLE I 
Effect of Substrates on Fization of C"O, by Crude Extracts 
Each vessel contained 4 ml. of acetone powder extract, 4 ml. of Ca-free Krebs’ 
bicarbonate-saline, 1 ml. of Na,C"O,; solution plus substrates as indicated; incu- 
bated 20 minutes at 40° in an atmosphere of 5 per cent CO2, 95 per cent Ne. 


C4 fixed (as per cent of total C™ added) 


Substrate hile ee 
Experiment I Experiment II 
None 3.3 
0.5 ml. 0.5 m pyruvate 21.1 15.9 
0.5 0.5 “‘ fumarate e 4.7 5.6 
0.5 ‘* 0.5 “ pyruvate + 0.5 ml. 0.5 m fumarate 36.3 44.1 


minutes. Later it was found that the bicarbonate-saline could be omitted 
and incubation was carried out in small test-tubes without shaking. A 
series of twenty such tubes could easily be set up in one experiment for 
assay with one preparation of radioactive carbon. 

Utilization of C“O. by Undialyzed Enzyme Extracts—Undialyzed enzyme 
extracts prepared as described above utilized small amounts of C"O, when 
incubated without added substrates. The addition of pyruvate caused an 
increase in the quantity of CO, fixed. While the addition of fumarate 
alone had little effect, the addition of both fumarate and pyruvate gave a 
further increase in fixation. These effects are illustrated in Table I which 
gives results obtained with two separate preparations. 

Properties of Precipitated and Dialyzed Extracts—The enzyme system 
responsible for carbon dioxide utilization could be precipitated by two- 
thirds saturation with ammonium sulfate. After resuspension of the pre- 
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cipitate in water, and dialysis against phosphate buffer, the necessity of 
pyruvate, fumarate, and a boiled tissue extract for a large C"™ uptake could 
be very clearly demonstrated. <A typical experiment is shown in Table II, 

The fact that dialysis and precipitation by ammonium sulfate resulted in 
little loss of activity is shown in Table III. Dialysis against 0.025 m phos- 
phate, pH 7.4, resulted in preparations with somewhat higher activity than 
those obtained by dialysis against distilled water. In each case the effect 
of pyruvate, fumarate, and boiled tissue extract was demonstrated. 

While the nature of the activating substances in the boiled tissue extracts 
is not known with certainty, the substitution of Mn** and a crude cozy- 


TaABLe II 


Effect of Tissue Extract and Substrates on C"O, Fixation by Ammonium Sulfaic 
Precipitates 

48 ml. of an H,O extract of the acetone powder of pigeon liver + 24 ml. of saturated 
(NH,).SO, were used. The precipitate was centrifuged off and discarded. 34 ml. 
of saturated (NH,),SO, were added to 67 ml. of supernatant. The precipitate was 
resuspended in H,O and dialyzed for 24 hours at 0° against 0.025 m phosphate, pH 
7.4. The final enzyme volume was 15 ml. Incubation was carried out in stoppered 
test-tubes at 40° for 30 minutes. Each tube contained 0.5 ml. of 0.154 m NaHCO, 
saturated with CO, and0.5 ml. of NazC™O; solution plus other additions as indicated. 


Additions 
C fixed (as per cent 
Enzyme Tissue extract* 0.5 m sodium 0.5 m sodium of total C™ added) 

. pyruvate fumarate 
ml ml mil. ml 

2 0.2 0.2 0.0 
2 0.2 0.2 0.2 
2 2 0.2 1.6 
2 2 0.2 1.4 
2 2 0.2 0.2 32.8 


* 1 part of freshly ground beef liver and 1 part of water heated for 5 minutes ina 


boiling water bath, and filtered. 


mase preparation for such extracts (boiled muscle extracts were as effective 
as boiled liver extracts) gave mixtures almost as active as those obtained 
with the extracts themselves (Table IV). 

The identity of manganese and cozymase with the activating agents pres- 
ent in boiled tissue extracts is, of course, not proved by such an experiment, 
particularly in view of the relatively large quantity of crude cozymase 
employed. It seems probable, however, that at least part of the effect of 
boiled tissue extracts is due to the presence of these substances. 

Chemical Reactions Occurring during Carbon Dioxide Utilization. Evi- 
dence for Reactions 1 and 2: Enzymic Decarboxylation of Oxalacetic Acid— 
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When pyruvate alone, without added fumarate, is incubated with bicar- 
bonate in the presence of dialyzed enzyme supplemented with manganese 


TaB_e III 
Comparison of C"O, Fization by Various Preparations 

Enzyme 1, original undialyzed extract prepared as in Table II; Enzyme 2, pre- 
pared by dialyzing Enzyme | against distilled water; Enzyme 3, prepared by dialyz- 
ing Enzyme 1 against 0.025 m phosphate, pH 7.4; Enzyme 4, prepared by precipi- 
tating 30 ml. of Enzyme 1 at two-thirds saturation with ammonium sulfate, 
redissolving in water, and dialyzing against 0.025 m phosphate, pH 7.4; final 
volume 24 ml. All dialyses were carried out for 24 hours at ice box temperature. 
Each vessel contained 4 ml. of Ca-free Krebs’ bicarbonate-saline, 1 ml. of NasC™O ; 
plus additions as indicated; incubated 20 minutes at 40° in an atmosphere of 5 per 
cent CO., 95 per cent No. 





Additions | Ci fixed 
a ———| (as per cent of 
0.5 ™M sodium | 0.5 m sodium | total Cu added) 





Amount of 








Enzyme No. enayme Tissue extract* pyruvate | Smenain 
ml. | mil. mil. mil. | 
2 4 | 0.5 | | 0.6 
2 2 2 0.5 4.8 
2 2 2 | ‘es Fae 14.9 
3 4 0.5 | 1.8 
3 2 2 0.5 | 5.5 
3 2 2 0.5 0.5 |. os 
4 4 0.5 | 0.3 
4 2 2 0.5 5.3 
4 2 2 0.5 0.5 | 22.3 


* Prepared by heating Enzyme 1 for 5 minutes ina boiling ' water bath and filtering. 


TABLE IV 

Comparison between Effect of Tissue Extract and Other Additions 
2.0 ml. of enzyme (dialyzed against 0.025 m phosphate, pH 7.4), 0.5 ml. of 0.154 u 
NaHCO; saturated with CO:, 0.2 ml. of 0.5 m pyruvate, 0.2 ml. of 0.5 m fumarate, 
and 0.5 ml. of NazC"O; solution; incubated 1 hour at 40°. 


Per cent C™ fixed 








E nzyme + 2 ml. boiled muscle extract. dbn lox Betacaenkine 43 
a + 0.6 ml. 0.005 m MnCl, + 0.4 my cozymase  solution®. 32 





* Prepared according t to Williamson and Green (11), ts mg. per ml. 


and cozymase, no chemical change can be detected in the reaction mixture 
(Table V). Under these conditions a small amount of C"™ is fixed, how- 
ever, and practically all this radioactivity appears in the pyruvate. Thus, 
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in a separate experiment similar to that in Table V, with pyruvate in- 
cubated 20 minutes in the presence of COs, 0.7 per cent of the added Cu 
was fixed in 20 minutes. The addition of excess dinitrophenylhydrazine 
precipitated 96 per cent of the fixed radioactivity. The supernatant re- 
maining after the removal of the radioactive precipitate contained 12 per 
cent of the fixed C". Although the recovery, 108 per cent, is higher than 
theoretical, the deviation is less than the sum of the possible errors, and the 
experiment demonstrates that under these conditions the pyruvate con- 
tains practically the whole of the utilized carbon dioxide. 

Apparently an exchange reaction has occurred whereby the pyruvic acid 
added to the solution has become radioactive. The simplest explanation 
for this effect is to postulate that there is in the enzyme solution an equilib- 
rium represented by Reactions 1 and 2. This assumes a reversible shift 
in the position of the hydroxyl group of the enol form of oxalacetic acid. 


TABLE V 
Action of Enzyme on Pyruvate Alone 
10 ml. of enzyme dialyzed against 0.025 m phosphate, pH 7.4, 3 ml. of 0.005 m 
MnCl,, 2 ml. of cozymase (1 mg. per ml.),2 ml. of 0.15 n NaHCO; saturated with CO,, 
1 ml. of pyruvate; incubated 1 hour at 39°. 


microliters 


| 4 Se 843 


Final COy........... ees j 840 
Initial pyruvate...... 976 
Final pyruvate...... 941 


Calculation! of the equilibrium point of Reaction 1 shows it to be far to 
the left. Our present analytical methods are not sufficiently delicate to 


1 The equilibrium constants for the reactions discussed here can be calculated 
from the values for the free energy of formation at 38°. 


(1) Oxalacetate + H,O -— pyruvate + HCO; 
— 184,210 — 56, 200 — 106, 460 — 139, 200 
AF = —5250 
(Pyruvate~)(HCO,-) 
M a << = 4.92 X 10° 
(Oxalacetate) 
(2) Fumarate + 2H,0 — lactate~ + HCO; 
— 142,525 —112,400 -117,960  —139,200 
AF = —2235 
(Lactate~)(HCO,-) 
(Fumarate) hr 
(3) Fumarate + H,O + malate 
— 142,525 — 56, 200 — 199, 430 


AF = —705 
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show the presence of the small amount of oxalacetate which should be 
present. However, we have been able to demonstrate in our preparations 
an active thermolabile enzyme catalyzing the reverse reaction; namely, 
the decarboxylation of oxalacetic acid to pyruvate and carbon dioxide. 

This enzyme is active under the conditions employed for the C™ utiliza- 
tion experiments, but it can be more easily demonstrated and studied at a 
pH sufficiently acid to allow the direct manometric measurement of the 
liberated carbon dioxide. A sodium acetate-acetic acid buffer mixture of 
pH 5 was found to be suitable. 

Fig. 1 shows experiments which demonstrate the presence of the enzyme 
and the fact that it can be activated by divalent manganese ions. The 
enzyme alone, without addition of manganese, shows some activity in spite 
of the prolonged dialysis. There is a small spontaneous decarboxylation 
without added enzyme or manganese, and a slight catalytic effect is shown 
by the heated enzyme, but the rates are much lower than those observed 
with the unheated enzyme plus manganese. The addition of diphospho- 
thiamine? had no effect on the rate of decarboxylation. The possibility 
that the enzyme may contain bound diphosphothiamine has not yet been 
ruled out. 

The sensitivity of the enzyme to heat treatment is shown in Fig. 2. The 
data here clearly indicate that the catalytic effect observed differs from that 
caused by the thermostable substance described by Breusch (12). 

The enzyme, which we shall call oxalacetate carboxylase, seems to be 
similar to the bacterial enzyme described by Krampitz and Werkman (9), 
but differs in at least one important respect; it is not appreciably activated 
by magnesium ions. The comparative effects of similar concentrations of 
manganese and magnesium ions are shown in Fig. 3. 

Oxalacetate carboxylase converts oxalacetic acid quantitatively to car- 
bon dioxide and pyruvate. The amount of carbon dioxide obtained from 
a given oxalacetic acid solution when the enzyme reaction has gone to com- 





(Malate-) 


= 3.2 
(Fumarate™) 


The relationship at equilibrium between lactate, bicarbonate, fumarate, and 
malate can better be visualized by combining (2) and (3) to give 
(Lactate)(HCO,;-) 
———*—— = 37/4.2 = 9 
(Fumarate + malate) 
especially since analyses are listed for the sum of fumarate + malate. The free 
energy values used in these calculations are from an unpublished manuscript of 
Professor H. Borsook of the California Institute of Technology. We are indebted 
to Dr. Borsook for permission to use them. 
2 We are grateful to Merck and Company, Inc., for the gift of this material. 
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Fig. 1. Demonstration of a heat-labile enzyme which decarboxylates oxalacetic 
acid. Each vessel contained 0.5 ml. of 0.1 m acetate buffer, pH 5.0, and water to 
make a final volume of 2.0 ml. Manganese was added as 0.1 ml. of 0.01 m MnCl,; 
enzyme, 0.5 ml. of dialyzed acetone powder extract of pigeon liver; 0.1 ml. of oxal- 
acetic acid was tipped from the side arm at 0 time after equilibration at 25°. The 
heated enzyme was held in a boiling water bath 1 minute. 

Fic. 2. The heat inactivation of oxalacetate carboxylase. Each vessel con- 
tained 0.3 ml. of enzyme held in a water bath for 1 minute at the temperatures indi- 
cated, 0.5 ml. of 0.1 m acetate buffer, pH 5.0, 0.1 ml. of 0.01 m MnCl, and water tomake 
a final volume of 2 ml.; 0.1 ml. of oxalacetic acid was tipped from the side arm at 0 
time after equilibration at 25°. 


an 2 
- J 1 ENZYME + MANGANESE 
2 ENZYME + MAGNESIUM 
= 3 ENZYME 
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Cu 
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Fie. 3. Comparison of manganese and magnesium effects on oxalacetate car- 
boxylase. Each vessel contained 0.2 ml. of enzyme, 0.5 ml. of 0.1 m acetate, and 
water to make a final volume of 2.0 ml.; Mn and Mg were added as 0.1 ml. of 0.01 m 
chloride; 0.1 ml. of oxalacetic acid was tipped from the side arm at 0 time after equili- 
bration at 25°. 
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pletion is identical with that obtained by simultaneous decarboxylation of 
an aliquot of the same solution with aniline citrate, under the conditions 
of Edson (13). The pyruvate formed, when determined by the carboxylase 
method, is equal to the carbon dioxide evolved, after correction is made 
for the spontaneous decarboxylation which occurs before the oxalacetic 
acid is tipped into the enzyme system. There is no appreciable evolution 
of carbon dioxide from a-ketoglutaric acid or acetoacetic acid when these 
compounds are added to solutions of the enzyme. 

The enzyme is completely inhibited by 0.01 Mm malonate under the con- 
ditions described in Fig. 1. 

We have been unable as yet to find any oxalacetate carboxylase in dia- 
lyzed extracts of acetone powders from the livers of other species. When 
the simple procedure used to make and test the pigeon liver preparations 
was applied to rabbit, rat, and beef liver, there was no evidence for the exis- 
tence, in these preparations, of a thermolabile catalytic agent. This is in 
accord with the fact that, while the livers of these species utilize CO, when 
used as fresh suspensions, we have not succeeded, as yet, in preparing active 
cell-free extracts from them. When dialyzed extracts of acetone powders 
prepared from rabbit muscle and pigeon breast muscle were examined, 
however, some thermolabile enzyme activity could be demonstrated, 
though it was less than one-tenth the usual amount of activity obtained 
from an equal weight of the acetone powder of pigeon liver. 

The activity of the crude pigeon liver preparation is shown by an ap- 
proximate Qco, calculation. In the experiment shown in Fig. 3, the com- 
plete system evolved carbon dioxide at a rate of 19 microliters per minute 
(after correction for the carbon dioxide evolution of heated enzyme and 
manganese). The amount of extract used was 0.2 ml., containing about 
2 mg. of dry weight. The Qco, was therefore 19 X 60/2 = 570 micro- 
liters per mg. per hour. 

These facts, then—the appearance of radioactivity in pyruvate added 
to the dialyzed enzyme and the demonstration of an enzyme catalyzing 
the decarboxylation of oxalacetate—constitute evidence for the occurrence 
of Reactions 1 and 2. 

Evidence for Reactions 3 and 4—The enzyme mixture contains an active 
fumarase. The equilibrium between malate and fumarate is approached 
rapidly from both sides. When 4 ml. of dialyzed enzyme were incubated 
with 2 ml. of 0.1 m fumarate, the ratio, fumarate added to fumarate 
recovered, was 4.16 after 5 minutes incubation, and 4.29 after 10 minutes. 
These values are in agreement with the average of 4.17 reported by Krebs, 
Smyth, and Evans (5) for pigeon breast muscle at 40°. Further, malate 
has an effect similar to that of fumarate on the utilization of C"Os. 

The chemical changes that occurred when fumarate and pyruvate were 
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added simultaneousty to a dialyzed enzyme preparation supplemented 
with manganese and cozymase are shown in Table VI. Within the limits 
of error of the procedure, there was no change in the concentration of pyru- 
vate. For every mole of fumarate (fumarate and malate) disappearing, a 
mole of lactic acid and a mole of carbon dioxide were formed. No sue- 
cinate, citrate,’ or a-ketoglutarate formation could be detected. The 
changes listed in Table VI constitute a complete carbon balance and must 
therefore represent the net result of all the chemical changes occurring 
during the carbon dioxide utilization. The over-all reaction is fumarate 
+ 2H,O — lactate — HCO;, which can be subdivided into the following 
reactions. 


TaBie VI 
Chemical Changes Occurring during C"'O, Fixation 
The enzyme was prepared by dialysis for 3 days against 0.025 m phosphate buffer. 
10 ml. of enzyme, 3.0 ml. of 0.005 m MnCl,, 2 ml. of 0.1 per cent crude cozymase prepa- 
ration, 2 ml. of 0.154 n NaHCO; saturated with CO:, 11,200 microliters of pyruvate 
in 1 ml., and 9400 microliters of fumarate in 1 ml.; incubated 1} hours at 39°. No 
gas phase. 


Pyruvate Lactate Total COs Fumarate + malate 
microliters microliters microlile 

Initial 11,400 130 8,970 9400 

Final 11,200 4330 13,180 4980 

A — 200 +-4200 +4,210 — 4420 

(3) Fumarate + H.O — malate 

(4) Malate + pyruvate — oxalacetate + lactate 

(1) Oxalacetate + H.O = pyruvate + bicarbonate 


There may be other intermediary steps but they do not lead to the accu- 
mulation of intermediates which can be distinguished from the initial and 
final reactants by the analytical procedures employed. It should be noted 
that the small amount of oxalacetate which might accumulate would be 
determined in the analyses as pyruvate and carbon dioxide. Application 
of Straub’s (14) color test for oxalacetate to the reaction mixture gave a 
faint positive reaction. As one would expect, this test was much stronger 
when carried out on an enzyme-substrate incubation mixture containing 
cozymase but no manganese. 

The utilization of carbon dioxide by these dialyzed extracts in the 
presence of fumarate, pyruvate, and the necessary cofactors must be asso- 


* We are obliged to Dr. Joseph J. Ceithaml for the citrate analyses. 
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ciated with Reactions 1 to 4 and can be explained in terms of their rever- 
sibility. The radioactive carbon taken up in the oxalacetate (Reaction 1) 
becomes distributed in the fumarate, malate, and lactate through the 
reversibility of Reactions 3 and 4 and in the pyruvate by Reaction 2. 
The increased quantity of carbon dioxide utilized when fumarate is added 
with pyruvate can be explained, then, by the accumulation of radioactive 
carbon in the carboxyl groups of these various monocarboxylic and dicar- 
boxylic acids. Support for this view is furnished by an experiment set 
up as in Table VI, but with C" added. 68 per cent of the C™ was fixed. 
In contrast to the experiment previously described in which pyruvate 
alone was used as a substrate, only 15 per cent of the fixed carbon dioxide 
was found in the pyruvate; that is, was precipitated by dinitrophenylhy- 
drazine. The remaining 85 per cent was found in the filtrate and in view 
of the lack of other soluble intermediates must exist as lactate, malate, and 
fumarate. 

The carbon dioxide formation which occurs in the presence of pyruvate 
and fumarate (Reactions 4 and 1) can be followed manometrically when the 
reaction occurs at pH 5.5 in an acetate buffer, under conditions similar to 
those employed in Fig. 1. The procedure has advantages over more la- 
borious chemical analyses and has been used extensively to study the effects 
of cofactors and inhibitors and the substitution of other substrates for 
pyruvate and fumarate. 


DISCUSSION 


The utilization of CO, by heterotrophic bacteria was first demonstrated 
by Wood and Werkman (15). 

By the use of radioactive C"O, it has been possible to demonstrate a 
direct utilization of carbon dioxide by animal tissues in the synthesis of 
a-ketoglutaric acid from pyruvic acid in pigeon liver (10). 

Early work in Krebs’ laboratory on the utilization of pyruvate in pigeon 
liver (16), the work of Krebs and his collaborators (17), the work of Wood 
and Werkman on propionic acid bacteria (18), and their later investiga- 
tions on minced pigeon liver (19) suggested very strongly that the initial 
step in this utilization of carbon dioxide was the formation of oxalacetic 
acid. However, in view of the complexity of the systems studied in these 
investigations it seemed desirable to study these reactions with simplified 
enzyme systems, particularly so since the radioactive carbon in the syn- 
thesized a-ketoglutaric acid represented only a small fraction of the total 
quantity of carbon dioxide fixed. 

The work presented in this paper, deals with a system so simplified that 
the chemical reactions are few in number and are, in their net terms, com- 
pletely described. It is possible to demonstrate the carboxylation of pyru- 
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vate in a system uncomplicated by the simultaneous occurrence of the 
more controversial phases of the citrate cycle. The enzyme responsible 
for the decarboxylation of oxalacetate is most probably the enzyme jn. 
volved in the carboxylation itself and is similar to, although apparently not 
identical with, the one found in bacterial preparations by Krampitz and 
Werkman (9). 

Perhaps the most uncertain feature of the conclusions drawn is the shift 
in the enol form of the oxalacetate (Reaction 2) first postulated by Meyer- 
hof (20). This reaction is hypothetical and is included with the other 
reactions, for all of which good evidence is available, because it is the 
simplest explanation for the incorporation of labeled carbon in the pyruvate 
molecule when pyruvate alone is added as a substrate. 

It would be possible to explain the experimental facts without postulat- 
ing this reaction if it was assumed that the enzyme preparation contained 
a quantity of lactate, or some other metabolite, sufficient to reduce the 
oxalacetic acid formed from carbon dioxide and pyruvate to malate which 
would be in equilibrium with the symmetrical fumarate molecule. Since 
the amount of reductant required would be very small, this possibility can- 
not be excluded. 

The omission of phosphate from the formulae does not imply a belief 
that phosphate may not be involved. All the enzyme preparations used 
contained phosphate. There was no evidence for the formation of organic 
phosphates during the course of the reaction, but no attempt has yet been 
made to ascertain the effect on the reactions of the complete removal of 
phosphate. 

It is of interest to compare the carboxylation of pyruvate in animal tis- 
sues with the photosynthetic utilization of carbon dioxide in plants that 
represents the ultimate source of carbon for organic compounds. This 
latter process can be regarded as involving a preliminary non-photosyn- 
thetic, so called, ‘‘dark reaction,’’ whereby carbon dioxide is converted into 
the carboxyl group of some organic compound followed by a series of photo- 
synthetic reactions leading to the ultimate formation of carbohydrate 
(21). There is, then, a net uptake and reduction of carbon dioxide during 
this process. In liver, the utilization of carbon dioxide also involves, as 
we have seen, an initial carboxylation, although the products of the reac- 
tion in plant and animal are apparently quite different. The subsequent 

fate of the initial product of fixation in the animal will determine to what 
extent we can regard the carbon dioxide fixation as involving a reduction of 
carbon dioxide. The appearance of large quantities of radioactive carbon 
in a compound does not indicate that a net uptake of carbon dioxide is 
involved. For example, when the dicarboxylic acids are converted into 
glycogen, the reaction, according to our present information, probably in- 
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yolves the conversion of the acid into a 3-carbon particle with the loss of a 
molecule of carbon dioxide, so that no net uptake of carbon dioxide occurs 
(22, 23). Our information about the mechanisms by which fat is synthe- 
sized is slight, but if a 3-carbon carbohydrate particle is a necessary inter- 
mediate in the synthesis of fat from the dicarboxylic acids, then neither 


the formation nor storage of carbohydrate or fat would result in a net up- 


take of carbon dioxide in the animal organism. However, to the extent 
that fat may be synthesized and stored from the dicarboxylic acids or from 
the 2-carbon particles resulting from the splitting of the dicarboxylic acid, 
or to the extent that there is a direct conversion of the dicarboxylic acid into 
protein material, and its storage as such, for example by the formation of 
aspartic acid, this would represent a mechanism whereby the animal would 
convert carbon dioxide into tissue constituents with a net uptake of carbon 
dioxide. 


SUMMARY 


It is possible to prepare cell-free pigeon liver extracts containing the en- 
zyme system involved in the initial reactions of carbon dioxide fixation. 
These extracts contain a heat-sensitive enzyme, activated by Mn ions, 
catalyzing the decarboxylation of oxalacetic acid. This oxalacetate 
carboxylase is also involved, presumably, in the carboxylation reaction. 

The aqueous extracts containing this enzyme represent a system so 
simplified that the chemical reactions which occur (represented by Reac- 
tions 1 to 4) can be, in their net terms, completely described. It is con- 
cluded that the initial reaction involved in carbon dioxide fixation by 
pigeon liver is the Wood and Werkman reaction; 7.e., the condensation of 
sarbon dioxide and pyruvic acid to oxalacetic acid. 
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There are numerous chemical methods for the determination of nicotinic 
acid in blood (1-12). These are based on the colorimetric reaction of 
pyridine derivatives with cyanogen bromide and an aromatic amine such 
as aniline, p-aminoacetophenone, or p-methylaminophenol sulfate (elon 
or metol), first suggested by Bandier and Hald (13). 

The reaction between nicotinic acid, cyanogen bromide, and an aro- 
matic amine is not highly specific, since there are other pyridine deriva- 
tives which also produce color with cyanogen bromide and aromatic 
amines. This difficulty has been partially overcome in the methods with 
eyanogen bromide and aminophenol by the introduction of potassium 
dihydrogen phosphate, and the use of Lloyd’s reagent. These modifica- 
tions do not yield specific results, because the cyanogen bromide-amino- 
phenol reagent even in the presence of potassium dihydrogen phosphate 
still reacts with nicotinamide, nicotinuric acid, diethyl nicotinamide, 
nicotine, and other substances to a lesser degree. Moreover, Lloyd’s 
reagent adsorbs a great variety of substances which might influence the 
color reaction. 

In the method described the factor of inadequate specificity and the 
process of adsorption on Lloyd’s reagent are eliminated. It is a colori- 
metric procedure which is rendered specific by the use of bacterial enzymes. 
The bacteria are grown on a synthetic medium containing nicotinic acid 
as their sole source of carbon and nitrogen. They produce adaptive en- 
zymes which are contained in the washed bacteria and which may then be 
used to decompose nicotinic acid. This concept of the production of 
adaptive enzymes was expounded by Karstrém (14), Dubos and Miller 
(15), and Dubos (16). This technique has been successfully utilized in the 
determination of creatine and creatinine in blood (unpublished data of the 
author), in the analysis of creatinine in tissues (17, 18), and in the deter- 
mination of creatinine in body fluids (19). In the case of the creatine- 
creatinine-decomposing enzymes, a soluble extract has been prepared from 
the desiccated washed cells (20). 


* Research paper No. 533, Journal Series, University of Arkansas. 
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Method 


The method is based on the colorimetric reaction between nicotinic acid, 
elon, and cyanogen bromide, adapted from Bandier and Hald (13) and 
Perlzweig et al. (21). Simultaneous determinations are carried out on 
samples of blood filtrates incubated with heated bacterial cells to obtain 
the total chromogenic material estimated as total nicotinic acid (Reading 1) 
and on separate aliquots incubated with unheated bacteria to obtain 
residual chromogen estimated as residual nicotinic acid (Reading 2), 
The difference between Reading 1 and Reading 2 represents ‘‘true nicotinic 
acid.”’ 

Reagents— 

10 per cent NazWO,-2H:0 solution. 

0.67 Nn HCl solution. 

0.4 mM KH»POQ, solution. 

2.5 N H3sPO, solution. 

CNBr reagent. This is prepared by the careful addition of cold satu- 
rated bromine water to a cold freshly prepared solution of 10 per cent NaCN 
until the yellow color disappears. This solution is stable for over 3 weeks 
at 5°. The pH of the CNBr solution is adjusted to 4.5 with HCl prior to 
its use. 

p-Methylaminophenol sulfate, solid, Eastman Kodak elon. 

Nicotinic acid standard. This contains 10 y per cc. in water, freshly pre- 
pared from a stock solution of 2 mg. per cc. of nicotinic acid in absolute 
alcohol. 

Bacterial suspension (heated and unheated portions). 

Preparation of Bacterial Cultures—The microorganism used is the NC 
(neutral culture) isolated from soil by Dubos and Miller (15). The author 
has kept this culture since 1939. It is kept on plain agar. The organisms 
are transferred from a 24 hour agar slant to tryptone broth prepared as 
described previously (17). A loopful of a 24 to 48 hour tryptone culture is 
inoculated into a 125 cc. Erlenmeyer flask containing 25 cc. of the medium. 
The medium contains 3 gm. of nicotinic acid, neutralized to pH 7.0 with 
sodium hydroxide, 5 gm. of sodium chloride, 25 cc. of m phosphate buffer, 
pH 7.0, made according to Green (22), 200 mg. of Difco Bacto-yeast 
extract, and “artificial tap water” (17) up to 1 liter. Transfers are made 
to the same medium after 30 hours (it is occasionally necessary to incubate 
the first transfer as long as 72 hours to get heavy growth). When the 
organism is adapted by several transfers, the entire contents of each 125 ce. 
flask are inoculated into a 4 liter Erlenmeyer flask containing 500 cc. of 
medium, and incubated for 30 hours at 37.5°. The bacteria are separated 
by centrifugation, washed three or four times to remove all nicotinic acid, 
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and resuspended in a volume of sterile water equal to one-fortieth of the 
original culture medium. The activity of the culture is maintained by 
weekly transfers to the same medium. An interesting characteristic of 
this organism is the formation of green pigment in old cultures or at low 
temperatures. 

Method of Assay of Bacterial Suspension—50 cc. unstoppered Lusteroid 
centrifuge tubes are used. Reagent blanks, blanks containing reagents 
plus bacteria, tubes with 10 y of standard solutions of nicotinic acid, and 
assays containing 20 and 40 y of nicotinic acid plus amounts of bacterial 
suspension varying from 0.05 to 0.5 cc. are set up simultaneously. All 
tubes receive 0.3 cc. of 0.5 mM phosphate buffer, pH 7.0, and water to 5.5 
ec. These are incubated at 37.5° for 30 minutes, then centrifuged at high 
speed for 20 minutes, and the clear supernatant fluid poured off into test- 
tubes. 4.0 ec. aliquots are pipetted into colorimeter test-tubes; the pH 
is brought to 4.5 with 0.10 to 0.11 ec. of 2.5 N phosphoric acid (with brom- 
cresol green as an external indicator). The amount of acid required is 
readily determined on the residual solutions after the 4.0 cc. aliquots have 
been removed. All solutions are then analyzed as in the procedure for 
blood filtrates (see below). By such an assay it is found that 1 cc. of bac- 
terial suspension decomposes or renders non-chromogenic 200 y or more of 
nicotinic acid in 30 minutes. The cells retain their activity for at least 1 
month at 5°. If desired, the bacteria may be desiccated in vacuo over phos- 
phorus pentoxide; a more stable product is obtained thus but with the loss 
of two-thirds of the activity of the washed cells. 

Specificity of Bacterial Enzymes—The activity of the enzymes present 
in the washed bacterial cells was tested on nicotinic acid and various deriv- 
atives by incubation of these substances with heated and unheated bac- 
teria for 30 minutes at 37.5°. The procedure was similar to that used in 
blood filtrates (see below). Since the chromogenic value of the derivatives 
was much less than that of nicotinic acid, it was necessary to use much 
larger amounts of these substances. Sufficient bacterial suspension was 
used to decompose or render non-chromogenic at least 20 y of nicotinic 
acid. Table I reveals that the bacterial enzymes did not appreciably 
affect the chromogenic property of freshly prepared solutions of nicotin- 
amide, diethyl nicotinamide, or nicotinuric acid. This is of great signifi- 
cance in the case of nicotinamide which gives one-fourth of the color of 
nicotinic acid. The persistence of its color reaction after incubation with 
the washed bacteria illustrates the marked degree of specificity of these 
enzymes. It might also be noted that the same bacteria when grown on a 
medium containing creatinine as the sole source of carbon and nitrogen did 
not produce enzymes which attacked nicotinic acid. 

Determination of True Nicotinic Acid in Blood Filtrates—More constant 
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and reproducible ‘‘true nicotinic acid’? values were obtained on acid- 
hydrolyzed tungstic acid blood filtrates than on blood samples which 
were directly hydrolyzed before removal of the proteins. Hence this 
method was used. 

1:5 tungstic acid filtrates of oxalated whole blood are prepared. The 
precipitated protein is separated by centrifugation and the supernatant 
fluid is recentrifuged to eliminate the small particles. 15 cc. of clear fil- 
trate are then treated with 3 cc. of 8 Nn hydrochloric acid for at least 1 hour 
in a water bath at 90-95°. A greenish precipitate forms which disappears 
on neutralization. The solution is approximately neutralized with 8 x 
sodium hydroxide in the presence of 0.01 ec. of phenolphthalein, and then 
brought to pH 7.0 with 1 N hydrochloric acid (in the presence of brom-thy- 
mol blue as external indicator). 1.4 ec. of 0.5 m phosphate buffer, pH 7.0, 
are now added to the solution which is clear and colorless and has a volume 


TABLE I 
Specificity of Nicotinic Acid-Decomposing Bacterial Enzymes for Nicotinic Acid 
and Derivatives 


Chromogenic 
: equivalent of Yecompositio 
Substance ” ent Amount used Dec A POSIIOR Te 
nicotinic acid 30 min. at 37.5 


or derivative 


per cent 7 per cent 
Nicotinic acid 100 10 100 
Nicotinamide 25 40 0 
Diethyl nicotinamide 4 100 0 
Nicotinuric acid... 10 60 3 


of 20 to 21 cc. To 50 cc. Lusteroid tubes are added 5.0 cc. aliquots of the 
blood filtrates in duplicate, a suitable quantity of bacterial suspension 
(which has been heated to 90° for 5 minutes to inactivate the enzymes), 
and water to 5.5cc. Another series of aliquots is prepared in the same way 
except that unheated bacteria are added. A quantity of bacterial sus- 
pension capable of destroying at least 5 times the expected amount of total 
nicotinic acid (total chromogen) should be added to each of these. In 
addition to the above samples, reagent blanks, bacterial suspension blanks, 
a 10 y standard of nicotinic acid, and a single assay as described in the 
method of assay should be prepared simultaneously. The tubes are in- 
cubated and centrifuged as described above. 4.0 cc. aliquots of the clear 
supernatant fluid are then transferred to colorimeter tubes and analyzed as 
follows: The pH of each sample is adjusted to 4.5 with phosphoric acid. 
This adjustment of pH is important, because slight variations in acidity 
affect color production considerably. 0.5 cc. of 0.4 mM potassium dihydro- 
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gen phosphate is added to each tube, and the tubes placed in a water bath 
at 75-80° for 5 minutes. Then, 0.5 ec. of cyanogen bromide reagent is 
added to each tube, the contents stirred with a glass rod, and the reaction 
continued in the bath for 5 minutes longer. The tubes are cooled in ice 
water. 150 mg. of elon are added to each tube, the contents are mixed 
thoroughly by inversion, and the contents are allowed to stand in the dark 
for 30 to 40 minutes. The percentage of light transmission of each sample 
is then determined in a modified Evelyn photoelectric colorimeter, the 
galvanometer being set at 100 with the blank which is clear and colorless. 
A composite filter of Corning glasses (No. 978 (one-half thickness) and No. 
597 (3.93 mm.)) which has a maximum transmission at approximately 400 
mu is used. The values in percentage of light transmission are read from 
calibration lines prepared with pure nicotinic acid solutions. Suitable 
corrections are made for the dilutions of the filtrates. A final volume of 


TaBLe II 
Concentration of True Nicotinic Acid in Whole Blood of Dog and Man 


Dog Man 

Total ch ” Residual True nicotinic ‘Total Residual ‘ True nicotinic 

otal cnromogen chromogen acid chromogen chromogen acid 
y per cc y per cc. y per cc. ¥ per cc. y per cc. 7 pny . 

4.8 0.2 4.6 4.8 ive 3.1 

4.9 0 4.9 §.3 1.3 4.0 

5.3 1.0 4.3 3.4 0.3 3.1 

7.2 0.6 6.6 3.3 0 3.3 

8.5 1.9 6.6 5.0 1.0 4.0 

5.3 1.6 B.7 4.2 1.0 3.2 

4.8 0.9 3.9 

Average. 6.0 0.9 5.1 4.4 0.9 3.5 


5.0 cc. is used rather than the conventional 10 or 20 cc., since it was pointed 
out by Bandier and Hald that even if the concentration of aminophenol is 
increased proportionately there is twice as much color developed in 5 cc. 
as in 10 ce. 

The values obtained on the samples which have been treated with un- 
heated bacteria represent residuai chromogen (Reading 2). These are 
subtracted from the values obtained on the samples which have been 
treated with heated bacteria and represent total chromogen (Reading 1). 
The difference is considered as “true nicotinic acid.” 


Results 


With this technique the concentration of total chromogen (total nicotinic 
acid) in hydrolyzed dog blood filtrates is found to be 4.8 to 8.5 y per cc. 
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(see Table II). 85 per cent of this amount is decomposed by the bacteria] 
enzymes, indicating that this fraction is ‘“‘true nicotinic acid.” In like 
manner, human blood contains 3.3 to 5.3 y of total chromogen per cc.; 80 
per cent of this is decomposed by the bacterial enzymes, indicating that this 
is the amount of ‘‘true nicotinic acid’”’ present. 

The values for total chromogen or total nicotinic acid in dog blood are in 
agreement with those of Pearson (5), using the cyanogen bromide-aniline 
method. 

The values for total chromogen in human blood are in agreement with 
those obtained by Bandier (6), and Stotz (9), using the cyanogen bromide- 
aminophenol method, and with those obtained by Ritsert (3), Swa- 
minathan (2), and Patton, Sutton, and Youmans (11), using the cyanogen 
bromide-aniline method. 


SUMMARY 


A specific, enzymatic, colorimetric procedure for the determination of 
“true nicotinic acid” in whole blood is presented. The method owes its 
specificity to the use of bacterial enzymes present in bacteria which have 
been adapted to grow on nicotinic acid. 

By this method it is found that 85 per cent of the total chromogen esti- 
mated as nicotinic acid in dog blood is ‘‘true nicotinic acid,” and that 80 
per cent of this is “true nicotinic acid” in human blood. 


The author is indebted to Merck and Company, Inc., of Rahway, New 
Jersey, for the generous supply of nicotinic acid, nicotinamide, and nico- ‘ 


tinuric acid used in this study. 
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Kuizenga, Wick, Ingle, Nelson, and 
Cartland, 561 

—, —, preparation, Kuizenga, Wick, 
Ingle, Nelson, and Cartland, 561 

—, steroids, liver arginase, effect, 
Fraenkel-Conrat, Simpson, and 


Evans, 99 
Adrenalectomy: Liver arginase, effect, 
Fraenkel-Conrat, Simpson, and 


Evans, 99 | 


Albumin: Egg. See Egg albumin 
Alkaloid(s): Aconite, Jacobs and Craig, 
567, 571 
Amine oxidase: Inhibitor specificity, 
Heegaard and Alles, 505 
Substrate specificity, Alles and Hee- 
gaard, 487 


Amino acid(s): Dehydrogenated, pep- 
tides, Doherty, Tietzman, and Berg- 
mann, 617 

Aminobenzoic acid: p-, determination, 
microbiological, Mitchell, Isbell, and 


Thompson, 485 
Amylase: Pancreas, Litile and Caldwell, 
229 

Anemia: Rickets, relation, Fuhr and 
Steenbock, 71 

| Anesthesia: Magnesium, adenosine 
triphosphate relation, DuBois, 
Albaum, and Potter, 699 


| Angiotonin: Formation, enzymatic, renin 


and renin activator, Plentl and Page, 
135 


| Anhydrase: Carbonic, sulfanilamide, ef- 


fect, Free, Davies, and Myers, 167 
Apoferritin: Spleen, Granick and Mi- 
chaelis, 91 
Arginase: Liver, adrenalectomy and ad- 
renocortical steroids, effect, Fraenkel- 
Conrat, Simpson, and Evans, 99 
Ascorbic acid: Blood, determination, 2,4- 
dinitrephenylhydrazine derivative of 
dehydroascorbic acid, use, Roe and 
Kuether, 399 
Dehydro-, 2,4-dinitrophenylhydrazine 
derivative, ascorbic acid determina- 
tion, use, blood and urine, Roe and 
Kuether, 399 
Urine, determination, 2,4-dinitrophen- 
ylhydrazine derivative of dehydro- 
ascorbic acid, use, Roe and Kuether, 


399 

Atisine: Dihydro-, Jacobs and Craig, 
567 

Heter-, benzoyl, Aconitum heterophyl- 
lum, Jacobs and Craig, 571 
Iso-, Jacobs and Craig, 567 
Sodium hydroxide action, Jacobs and 
Craig, 567 


B 


Bacillus: See also Lactobacillus 
Bacteria: Autotrophic, phosphorylated 








802 


Bacteria—continued: 
carbohydrate esters, and 
Umbreit, 263 
Bean: Soy, lipositol, isolation and chem- 
ical constitution, Woolley, 581 
Benzoic acid: p-Amino-, determination, 
microbiological, Mitchell, Isbell, and 


LePage 


Thompson, 485 
Benzoyl heteratisine: Aconitum hetero- 
phyllum, Jacobs and Craig, 571 


Bile: Cobalt distribution and excretion, 
radioactive isotope in study, Green- 
berg, Copp, and Cuthbertson, 749 
Iron distribution and excretion, radio- 
active isotope in study, Greenberg, 
Copp, and Cuthbertson, 749 
Manganese distribution and excretion, 
radioactive isotope in study, Green- 
berg, Copp, and Cuthbertson, 749 
Blood: Acetoin, acetoin administration 
effect, Greenberg, 11 
Ascorbic acid determination, 2,4-di- 
nitrophenylhydrazine derivative of 
dehydroascorbic acid, use, Roe and 
Kuether, 399 
Glucose injection effect, Bueding and 
Goldfarb, 33 
8-Hydroxybutyric acid and acetoacetic 
acid, glucose effect, Stark and Somo- 
gyt, 721 

— ——— acid, insulin effect, Stark and 


Somogyt, 731 
— — — — acid, relationship, Stark and 
Somogyi, 319 


Keto acids, determination, Friedemann 
and Haugen, 415 
Lactate injection effect, Bueding and 
Goldfarb, 33 
Nicotinic acid, determination, enzy- 
matic, Allinson, 785 
Nitrous oxide solubility, Cullen and 


Cook, 23 
-antothenic acid, Wright, 261 
Phospholipids, determination, Marenzi 
and Cardini, 371 


Protoporphyrin determination, photo- 
electric and fluorophotometric, Grin- 
stein and Watson, 675 

Pyruvate injection effect, Bueding and 


Goldfarb, 33 





INDEX 


Blood serum: Potassium, extracellular 
fluid and sodium, depletion, effect, 
Miller, 121 

Body weight: Succinylsulfathiazole and, 
xanthopterin, effect, Totter and Day, 

257 

Buffer: Pantothenic acid determination, 
Lactobacillus casei use, effect, Stokes 
and Martin, 483 

Butyric acid: §-Hydroxy-, acetoacetic 
acid and, blood and urine, glucose 


effect, Stark and Somogyi, 721 
—, — — —, blood and urine, insulin 
effect, Stark and Somogyi, 731 
—, — — —, blood and urine, relation- 
ship, Stark and Somogyi, 319 
—, mammary gland, lactating, utiliza- 
tion, Shaw and Petersen, 639 
Cc 

Calcium: Determination, picrolonic acid 
use, Cohn and Kolthoff, 705 
Iron utilization, effect, Fuhr and 
Steenbock, 59, 65, 71 


Carbohydrate: Esters, phosphorylated, 
bacteria, autotrophic, LePage and 


Umbreit, 263 
Carbon dioxide: Fixation, enzymatic, 


oxalacetate, Krampitz, Wood, and 
Werkman, 243 
Liver extract, cell-free, fixation, mech- 
anism, Evans, Vennesland, and 
Slotin, 771 
Carbonic anhydrase: Sulfanilamide, ef- 
fect, Free, Davies, and Myers, 167 
Catecholase: See Tyrosinase 
Cell: Nucleus, liver, isolated, enzymes, 


Dounce, 685 
Cholic acid: Oxidation, Gallagher and 
Long, 13 
Choline: Determination, colorimetric, 
Marenzi and Cardini, 363 
Citrulline: Ornithine cycle, relation, 
Gornall and Hunter, 593 
Clover: Sweet, hemorrhagic disease, 
Link, Overman, Sullivan, Huebner, 
and Scheel, 463 


Cobalt: Bile, distribution and excretion, 
radioactive isotopes in study, Green- 
berg, Copp, and Cuthbertson, 749 





SUBJECTS 


Creatine: Phospho-. See Phosphocrea- 


tine 


D 
Dehydroascorbic acid: 2,4-Dinitrophen- 
ylhydrazine derivative, ascorbic acid 
determination, use, blood and urine, 


Roe and Kuether, 399 
Desoxycorticosterone acetate: Pregnane- 
diol excretion, effect, Hoffman, 
Kazmin, and Browne, 259 


Deuterium: d-Lysine metabolism, study 
with, Ratner, Weissman, and Schoen- 
heimer, 549 

Dihydroatisine: Jacobs and Craig, 567 

Diiodotyrosine: Formation in vitro, ra- 
dioactive iodine as indicator, Morton 
and Chaikoff, J 
, thyroidectomy effect, ri.dioactiv. 
iodine as indicator, Morion Chaikoff, 
Reinhardt, and Anderson, is” 


E 


Egg albumin: Reducing greaps, Heller- 
man, Chinard, and Deit :, 443 
Enzyme(s): Angiotonin formation from 
renin and renin activator, nature, 
Plenil and Page, 135 
Blood nicotinic 
use, Allinson, 785 
Carbon dioxide fixation, oxalacetate, 
Krampitz, Wood, and Werkman, 243 
Liver cell nuclei, isolated, Dounce, 


acid determination, 


685 

—, fatty acid oxidation, Muioz and 
Leloir, 355 
See also Amylase, Anhydrase, Arginase, 


Hydrogenase, Laccase, Oxidase, 
Tyrosinase, Urease 

Estrone: Metabolism, man, Pearlman and 
Pincus, 379 

Extracellular fluid: Depletion, blood 
serum potassium, effect, Miller, 121 

muscle potassium, effect, Miller, 


121 


’ 


F 


Fasting: Liver glycogenesis, effect, 
McBride, 333 
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| Fasting—continued: 


Liver water balance, glucose feeding 
and, effect, McBride, 333 
Fatty acid(s): Esters, unsaturated, heat 
effect, Norris, Rusoff, Miller, and 
Burr, 273 
Oxidation, liver enzymes, Mufioz and 
Leloir, 355 
Storage, linoleic and palmitic acids, 
effect, Visscher and Corley, 291 
Synthesis, body, linoleic and palmitic 
acids, effect, Visscher and Corley, 


291 

Unsaturated, distillation, fractional, 
Norris, Rusoff, Miller, and Burr, 
27@ 


Feces: Leucemia, specific substances, 
preparation, Turner and Miller, 573 
Zinc excretion, radioactive zine isotope 
in study, Sheline, Chaikoff, Jones, 


and Montgomery, 409 
Ferritin: Granick and Michaelis, 91 
Apo-, spleen, Granick and Michaelis, 
91 

G 
Glomerulus: Urine, Bott, 653 
—, sodium, Necturus, Bott 653 


Glucose: Blood composition, injection 
effect, Bueding and Goldfarb, 33 

—, 8-hydroxybutyriec acid and aceto- 
acetic acid, effect, Stark and Somo- 


gyi, 721 
Determination, titrimetric, micro-, 
Humoller, 281 
Liver water balance, fasting and, feed- 
ing effect, McBride, 333 


Pantothenic acid determination, Lacto- 
bacillus casei use, effect, Stokes and 
Martin, 483 


Urine, $-hydroxybutyric acid and 
acetoacetic acid, effect, Stark and 
Somogyt, 721 

Glyceric acid: Phospho-, preparation, 
DuBois and Potter, 41 
Glycogenesis: Liver, fasting effect, 
McBride, 333 
Growth: Factor, Lactobacillus casei, Pol- 
lack and Lindner, 183 








804 


Growth—continued: 
Hormone, pituitary, anterior, purifica- 
tion, Marz, Simpson, and Evans, 
77 
Substance, plant, tryptophane conver- 
sion, alkalinity effect, Gordon and 


Wildman, 389 
H 
Hemoglobin: Crystalline, iron, Bernhart 
and Skeggs, 19 
Production, vitamin D effect, Fuhr and 
Steenbock, 65 
Protoporphyrin IX from, purification, 
Grinstein and Watson, 667 | 
Memorrhage: Sweet clover disease, Link, 
Overman, Sullivan, Huebner, and 
Scheel, 463 
Heteratisine: Benzoyl, Aconitum helero- 
phyllum, Jacobs and Craig, 571 
Hexose diphosphate: Preparation, Du- 
Bois and Potter, 41 
Hexose monophosphate: Preparation, 
DuBois and Potter, 41 


Hydrogen: Water and, exchange reaction, 
biological catalysis, Hoberman and 
Rittenberg, 211 

Hydrogenase: Nitrogen fixation, sym- 
biotic, and, Wilson, Burris, and Cof- 
fee, 475 

Hydrogen ion concentration: Intestine, 
factors affecting, Robinson, Luckey, 
and Mills, 175 

Hydroxybutyric acid: 8-, acetoacetic acid 
and, blood and urine, glucose effect, 


Stark and Somogyi, 721 
—, — — —, blood and urine, insulin 
effect, Stark and Somogyi, 731 
—, — — —, blood and urine, relation- 
ship, Stark and Somogyi, 319 

, mammary gland, lactating, utiliza- 
tion, Shaw and Petersen, 639 
Hypoprothrombinemia: Salicylic acid 
effect, Link, Overman, Sullivan, 
Huebner, and Scheel, 463 

I 


Inositol: -Containing phospholipid, soy 
bean, isolation and chemical consti- 
tution, Woolley, 581 


INDEX 


Insulin: Blood, 8-hydroxybutyriec acid 
and acetoacetic acid, effect, Stark and 
Somogyi, 731 

Urine, §-hydroxybutyric acid and 
acetoacetic acid, effect, Stark and 
Somogyi, 731 

Intestine: Hydrogen ion concentration, 
factors affecting, Robinson, Luckey, 
and Mills, 175 

Invertebrate(s): Tissue, autolysis, Bel- 

fer, Koran, Eder, and Bradley, 345 
| Iodine: Biological materials, determina- 
tion, micro-, Shahrokh, 109 
Metabolism, radioactive iodine as indi- 
cator, Morton, Chaikoff, Reinhardt, 

and Anderson, 757 
Proteins, thyroid activity, effect, Rein- 
eke, Williamson, and Turner, 115 
Radioactive, thyroxine and diiodotyro- 
sine formation in vitro, indicator, 
Morton and Chaikoff, 1 

—, — — — formation, thyroidectomy 
effect, indicator, Morton, Chaikoff, 
Reinhardt, and Anderson, 757 

Iron: Availability, phytic acid effect, 

Fuhr and Steenbock, 59 

Bile, distribution and excretion, radio- 
active isotopes in study, Greenberg, 
Copp, and Cuthbertson, 749 
Body, vitamin D effect, Fuhr and 
Steenbock, 65 
Hemoglobin, crystalline, Bernhart and 
Skeggs, 19 
Utilization, calcium, phosphorus, and 
vitamin D effect, Fuhr and Steenbock, 
59, 65, 71 

Isoatisine: Jacobs and Craig, 567 

Isotope (s): Radioactive, iron, cobalt, and 
manganese distribution and excre- 
tion, bile, study with, Greenberg, 
Copp, and Cuthbertson, 749 


—, mineral metabolism indicator, 
Greenberg, Copp, and Cuthbertson, 
749 

K 
Keto acid(s): Blood, determination, 
Friedemann and Haugen, 415 
Urine, determination, Friedemann and 
Haugen, 415 


| 





SUBJECTS 805: 

Kidney: Laccase, nature, Baker and M 
Nelson, 341 Magnesium: Anesthesia, adenosine 
L triphosphate relation, DuBois, 
ry at | Albaum, and Potter, 699 
a 3 we. ae. a 34] Mammary gland: Lactating, 6-hydroxy- 
, i cr ae on ti butyric acid utilization, Shaw and 
Lactate: ood composition, injection | Petersen, 639 


effect, Bueding and Goldfarb, 33 
Lactation: Mammary gland, §-hydroxy- 
butyric acid utilization, Shaw and 
Petersen, 
Lactobacillus casei: Growth factor, Pol- 


639 | 


lack and Lindner, 183 
Microbiological determination, use, 
Light and Clarke, 739 


Pantothenic acid determination, buffer 
and glucose effect, Stokes and Mar- 
tin, 483 

Leucemia: substances, 

preparation, Turner and Miller, 573 
Urine specific substances, preparation, 
Turner and Miller, 573 
Leucopenia: Succinylsulfathiazole and, 
xanthopterin, effect, T’otter and Day, 

257 

Linoleic acid: Fatty acid synthesis and 
storage, effect, Visscher and Corley, 
291 


Feces specific 


Lipid(s): Phospho-. See 
Lipositol: Soy bean, isolation and chem- 
ical constitution, Woolley, 581 
Liver: Arginase, adrenalectomy and ad- 
renocortical steroids, effect, Fraen- 


kel-Conrat, Simpson, and Evans, 
99 

Cell nuclei, isolated, enzymes, Dounce, 
685 

Enzymes, fatty acid oxidation, Muiioz 
and Leloir, 355 


Extract, cell-free, carbon dioxide fixa- 
tion, mechanism, Evans, Vennesland, 
and Slotin, 771 
Glycogenesis, fasting effect, McBride, 
333 
Urea synthesis, Gornall and Hunter, 
593 
Water balance, fasting and glucose 
feeding effect, McBride, 333 
Lysine: d-, metabolism, deuterium and 
heavy nitrogen in study, Ratner, 
Weissman, and Schoenheimer, 


Phospholipid | 


549 | 


Manganese: Bile, distribution and ex- 
cretion, radioactive isotopes in study, 
Greenberg, Copp, and Cuthbertson, 

749 

Mesoporphyrin: Protoporphyrin conver- 

sion, micro, Grinstein and Watson, 
671 

Methionine: Color reaction, Sofin, Rosen- 
blum, and Schultz, 557 

Mineral: Metabolism, radioactive iso- 
topes in study, Greenberg, Copp, and 
Cuthbertson, 749 

Mosaic: Virus, tobacco, rib-grass strain, 
sulfur, Knight, 663 

Muscle: Phosphate, inorganic, radio- 
active phosphorus in study, Bollman 
and Flock, 155 

Phosphocreatine, radioactive phos- 
phorus in study, Bollman and Flock, 
155 

Potassium, extracellular fluid and so- 


dium, depletion, effect, Miller, 121 

N 
Necturus: Urine, glomerulus, sodium, 
Bott, 653 


Nicotinic acid: Blood, determination, 
enzymatic, Allinson, 785 
Nicotinuric acid: Synthesis, For and 
Field, 651 
Nitrogen: Fixation, symbiotic, hydro- 
genase and, Wilson, Burris, and Cof- 
fee, 475 
Heavy, d-lysine metabolism, study 
with, Ratner, Weissman, and Schoen- 


heimer, 549 
Nitrous oxide: Blood, solubility, Cullen 
and Cook, 23 


Nomogram: Protein properties, Wyman 
and Ingalls, 297 
Nucleus: See Cell 
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Oo 


Ornithine: Cycle, citrulline relation, 
Gornall and Hunter, 593 
Oxalacetate: Carbon dioxide fixation, 
enzymatic, Krampitz, Wood, and 
Werkman, 243 
Oxidase: Amine, inhibitor specificity, 


Heegaard and Alles, 505 
—, substrate specificity, Alles and 
Heegaard, 487 


P 


Palmitic acid: Fatty acid synthesis and 
storage, effect, Visscher and Corley, 


291 
Pancreas: Amylase, Little and Caldwell, 
229 
Pantothenic acid: Blood, Wright, 261 


Determination, Lactobacillus casei use, 
buffer and glucose effect, Stokes and 
Martin, 483 

Paraffin: Metabolism, Sietien, 327 
Penicillin: B, Penicillium notatum, Rob- 
erts, Cain, Muir, Reithel, Gaby, Van 
Bruggen, Homan, Katzman, Jones, 
and Doisy, 47 
Penicillium notatum: Penicillin B, Rob- 
erts, Cain, Muir, Reithel, Gaby, Van 
Bruggen, Homan, Katzman, Jones, 


and Doisy, 47 
Peptide(s): Amino acids, dehydro- 
genated, Doherty, Tietzman, and 
Bergmann, 617 


Synthesis, transamination, Herbst and 
Shemin, 541 
Phosphate (s): Inorganic, muscle, radio- 
active phosphorus in study, Bollman 
and Flock, 155 
Phosphocreatine: Muscle, radioactive 
phosphorus in study, Bollman and 
Flock, 155 
Phosphoglyceric acid: Preparation, Du- 
Bois and Potter, 41 
Phospholipid(s): Blood, determination, 
Marenzi and Cardini, 371 
Inositol-containing, soy bean, isolation 
and chemical constitution, Woolley, 
581 


Phosphorus: Iron utilization, effect, Fuhr | 


and Steenbock, 59, 65, 71 


INDEX 


Phosphorus—continued: 

Radioactive, muscle phosphocreatine 
and inorganic phosphate, study with, 
Bollman and Flock, 155 

—, vitamin D action, study with, 
Shimotori and Morgan, 201 

Phytic acid: Iron availability, effect, 
Fuhr and Steenbock, 59 
Picrolonic acid: Calcium determination, 


use, Cohn and Kolthoff, 705 
Pituitary: Anterior, growth hormone, 
purification, Marz, Simpson, and 
Evans, 77 


Plant: Growth substance, tryptophane 
conversion, alkalinity effect, Gordon 
and Wildman, 389 

Porphyrin: Meso-, protoporphyrin con- 
version, micro, Grinstein and Wat- 
son, 671 

Proto-, Grinstein and Watson, 
667, 671, 675 
, blood, determination, photoelectric 
and fluorophotometric, Grinstein and 
Watson, 675 
—, mesoporphyrin, conversion, micro, 
Grinstein and Watson, 671 
—, IX, hemoglobin, purification, Grin- 
stein and Watson, 667 

Potassium: Blood serum, extracellular 
fluid and sodium depletion, effect, 
Miller, 121 

Muscle, extracellular fluid and sodium 
depletion, effect, Miller, 121 

Pregnanediol: Excretion, desoxycorticos- 

terone acetate effect, Hoffman, Kaz- 


min, and Browne, 259 
Prolactin: Preparation, Schwenk, 
Fleischer, and Tolksdorf, 535 
Solubility, alcohol, Fleischer, 525 


Protein(s): Iodinated, thyroid activity, 


effect, Reineke, Williamson, and 
Turner, 115 
Properties, nomogram, Wyman and 
Ingalls, 297 


Sulfhydryl groups, urease reversible 
Hellerman, 
443 


Hypopro- 


inactivation, relation, 
Chinard, and Deitz, 
Prothrombinemia: See 


thrombinemia 


also 





SUBJECTS 


Protoporphyrin: Grinstein and Watson, 


667, 671, 675 | 
photoelectric | 


Blood, determination, 


! 


and fluorophotometric, Grinstein and | 


Watson, 675 
Mesoporphyrin, conversion, micro, 
Grinstein and Watson, 671 


IX, hemoglobin, purification, Grinstein 
and Watson, 667 


Pyruvate: Blood composition, injection | 


effect, Bueding and Goldfarb, 
Pyruvic acid: Friedemann and Haugen, 


93, | 


415 | 


R 


Reducing group (s): Eggalbumin, Heller- | 


man, Chinard, and Deitz, 
Urease, Hellerman, Chinard. and Deitz, 
443 

Renin: Activator, angiotonin formation, 
enzymatic, Plentl and Page, 135 
nature, Plenil, Page, and Davis, 


, 


143 
Angiotonin formation, enzymatic, 
Plenil and Page, 135 


443 | 


Rib-grass: Strain, tobacco mosaic virus, | 


sulfur, Knight, 663 
Rickets: Anemia, relation, Fuhr and 
Steenbock, 71 

S 
Salicylic acid: Hypoprothrombinemia, 
effect, Link, Overman, Sullivan, 
Huebner, and Scheel, 463 


Shock: Acidosis, effect, Allison, Cole, 
Leathem, Nastuk, 
255 

Urine, effect, Allison, Cole, Leathem, 
Nastuk, and Anderson, 255 
Sodium: Depletion, blood serum potas- 
sium, effect, Miller, 121 
muscle potassium, effect, Miller, 
121 


? 


Urine, glomerulus, Necturus, 
653 

Soy bean: See Bean 
Spleen: Apoferritin, Granick and Mi- 
chaelis, 91 
Steroid(s): Adrenocortical, liver ar- 
ginase, effect, Fraenkel-Conrat, Simp- 


son, and Evans, 99 


Bott, | Tryptophane: Plant growth substance, 


and Anderson, | 
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Succinylsulfathiazole: Xanthopterin 
and, body weight, effect, Totter and 


Day, 257 

— —, leucopenia, effect, Totter and 
Day, 257 
Sulfanilamide: Acid-base equilibrium, 
effect, Free, Davies, and Myers, 
167 

Carbonic anhydrase effect, Free, 
Davies, and Myers, 167 
Sulfhydryl group(s): Protein, urease 


reversible inactivation, relation, Hel- 
lerman, Chinard, and Deitz, 443 
Sulfur: Tobacco mosaic virus, rib-grass 


strain, Knight, 663 

T 
Thyroid: Activity, proteins, iodinated, 
effect, Reineke, Williamson, and 
Turner, 115 


Thyroidectomy: Diiodotyrosine forma- 
tion, radioactive iodine as indicator, 
Morton, Chaikoff, Reinhardt, and 
Anderson, 757 

Thyroxine formation, radioactive 
iodine as indicator, Morton, Chaikoff, 
Reinhardt, and Anderson, 757 

Thyroxine: Formation in vitro, radioac- 
tive iodine as indicator, Morton and 
Chaikoff, 1 

—, thyroidectomy effect, radioactive 
iodine as indicator, Morton, Chaikoff, 
Reinhardt, and Anderson, 757 

Tissue(s): Invertebrate, autolysis, Bel- 
fer, Koran, Eder, and Bradley, 345 

Tobacco: Mosaic virus, rib-grass strain, 


sulfur, Knight, 663 
Transamination: Peptide synthesis, 
Herbst and Shemin, 541 
Trigonelline: Determination, photelo- 
metric, Fox, McNeil, and Field, 
645 


conversion, alkalinity effect, Gordon 
and Wildman, 389 
Tyrosinase: Activation, Tenenbaum and 


Jensen, 27 
Purification, Jensen and Tenenbaum, 
737 
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Tyrosine: Diiodo-, formation in vitro, 
radioactive iodine as indicator, Mor- 

ton and Chaikoff, 1 

—, —, thyroidectomy effect, radioac- 
tive iodine as indicator, Morton, 
Chaikoff, Reinhardt, and Anderson, 
757 


U 


Urea: Liver, synthesis, Gornall and Hun- 
ter, 593 
Urease: Inactivation, reversible, pro- 
tein sulfhydryl groups, relation, 
Hellerman, Chinard, and Deitz, 443 
Reducing groups, Hellerman, Chinard, 
and Deiiz, 443 
Urine: Ascorbic acid determination, 2,4- 
dinitrophenylhydrazine derivative of 
dehydroascorbic acid, use, Roe and 


Kuether, 399 | 


Glomerulus, Bott, 653 
—, sodium, Necturus, Bott, 653 
B-Hydroxybutyric acid and aceto- 
acetic acid, glucose effect, Stark and 
Somogyi, 721 
— — — — acid, insulin effect, Stark 
and Somogyi, 731 
— — — — acid, relationship, Stark and 
Somogyi, 319 
Keto acids, determination, Friedemann 
and Haugen, 415 
Leucemia, specific substances, prepara- 


tion, Turner and Miller, 573 | 
Shock effect, Allison, Cole, Leathem, | 
Nastuk, and Anderson, 255 | 


Zinc excretion, radioactive zinc isotope 
in study, Sheline, Chaikoff, Jones, 
and Montgomery, 409 


Vv 


Virus: Tobacco mosaic, rib-grass strain, 


sulfur, Knight, 663 | 


INDEX 


| Vitamin(s): B sources, antioxidant ac- 


tivity, Gyirgy and Tomarelli, 515 
D, absorption and retention, massive 
dose effect, Morgan and Shimotori, 
189 

—, action, radioactive phosphorus in 
study, Shimotoriand Morgan, 201 
—, body iron, effect, Fuhr and Steen- 
bock, 65 
—, iron utilization, effect, Fuhr and 
Steenbock, 59, 65, 71 
Hemoglobin production, effect, Fuhr 
and Steenbock, 65 
K,, absorption spectrum, Ewing, Tom- 
kins, and Kamm, 233 
—, light effect, Ewing, Tomkins, and 
Kamm, 233 


WwW 


Water: Hydrogen and, exchange reaction, 
biological catalysis, Hoberman and 
Rittenberg, 211 

Liver, fasting, glucose feeding effect, 
McBride, 333 
Work: See also Muscle 


X 


Xanthopterin: Succinylsulfathiazole and, 
body weight loss, effect, Totter and 
Day, 257 


—, leucopenia, effect, Totter and 
Day, 257 


Z 


Zinc: Feces, excretion, radioactive zine 
isotope in study, Sheline, Chaikoff, 
Jones, and Montgomery, 409 

Metabolism, radioactive isotope in 
study, Sheline, Chaikoff, Jones, and 
Montgomery, 409 

Urine, excretion, radioactive zinc iso- 
tope in study, Sheline, Chaikoff, 
Jones, and Montgomery, 409 








active dine as an 
th ee and iodo hey 
., JR., VENNESLAND 
doar de fixation i in cell-free extracts of 
ALLINSON M. J. Cari. A specific seinen 
acid in «a0 ome cig fuse «CALS oA eae 

























The Journal of Biological C: ay 
veitlepties ol. Cuaniel nama 


ici oa ae 


tel 
100, ‘nt Yolunen eta rte been 


All py ae yy addressed to T' 
Sterling Tower, Yale “coset New so Haven, 


| Au ate cate ve aan f 3 
Sea Reece Staee 


per year and the su 
pai subscribers in 


should 


Fj 
: 
3 





The price of this Pale is $2.50, 


CONTENTS 


Aves, Gorpon A. pa Hexcaarp, Bark V. Substrate specificity of amine oxidase, 
Huecgaanrp, Enix V.,and ALLE, Gorpon A. Inhibitor specificity of amine oxidase 
dah Pawn, and TomaRELLI, Kupotrn. Antioxidant activity in sources of 


vi‘amins 
Fuersenn, Germarp A. On the alcohol mapper rs of prolactin 
ScrwEwx, ERWIN, FLEISCHER, Geruarp A oLxsporr, Sisyiuz. A new m 
for the ation of prolactin... 
Hensst, Roe , and Sremrn, Demet ‘The synthesis of p 
RATNER Werssman, Norman, and: Sca ne overage an 
d- ees investigated with deuterium and heavy nitrogen Re 
ec ol H., Rosewsivm, Haroup, and Suvuirz, Roserr C. A color reactii 
onine 
Kurenoa, Marvin H., be secon N., Inetz, Dwicut J., Newson, Joun W., 
Lan, Groroe F. ration and comparative physiological activ 
beef, hog, and chess ak a geet 
Jacons, Watrer A., and Chase, Lyman C.-  iseninn alkaloids. XI. The act 
meth: yl \ alcoholic sodium hydroxide onatisine. Isoatisine and dihydroatisine. ., 
Jacous, Waurer A., and rguesvtoag Lyman C,’ The ac aconite alkaloids. XII. Benzoyl hi 
atisine, a new alkaloid from Aconitum heterophyllum we 
Turver, D. L., and Mit.cr, F, R. The preparation of concentrates of ajccinell r 
stances from urine and feces in leucemia 
Woo.ney, D.W. Isolation and partial determination of structure of soy bean li 
a new inositol-containing phe gho ipid 
GORNALL, ay taN G., and Honrer, ANprew. The synthesis of urea in ‘a liver 
‘special reference to citrulline sean intermediary in the ornithine cycle 
Dorerrry, Davin G., ehumpocr oh Jostraine E., and Bergmann, Max. Peptides 
Rice amino acids , 
Suaw wa law Prrersen, W. x i utilization of 8-hydroxybutyric acid by the pial 
mammary bs 
Fox, Somer We, MAN (mit, Eowa W., or ie: ~: 
nelline. . » ads xe 
Fox, Siowry We and t mo ae Henny, 3 thesis 
Bort, P..A. “ < Segue { 
concent omeru urine of 
Kwienr, C.Az on of sodium im ime in We gy Soy 
GurnsTEry, Morses, and Watson, So 
‘on of pro rin IX ae obtained 
Grixsrem, Moises, ard Warson, Ceci phn Stud 
note on an improved micromethod for converting: 
Guivsretn, Mores, and Warson, CectnJames. Sti 
electric and arte methods for th 
protoporpbyrin in 
Doonce, ALexXanperR L. Enzyme studies on isolated cell nuclei of rat liver 
DoBors, K. P., ALBAUM, i. G., and Porrer, V.R. Adenosine triphosphate in m 


“anesthesia 
Cons, Gunrarr, and Kournorr, I. M, Determination of calcium by precipitation 


picrolonic acid and polatographie measurement of the residual picrolonic acid. | 
Sank, Inene E., and Somoey1, Micuagn. The effect of glucose feeding upon the g 
titative relationship between 8-hydroxybutyric acid and acetoacetic acid in b 


Sra ax, Irene E., and Somogy1, Micnag.. The effect of insulin upen the quantita 
relationship between g-hydroxybutyrie acid and acetoacetic acid in blood 


Jensen, H., and Tenewpaum, Legon. Further purification of eatecholase (ty rosin 
Lier, ‘Amos E., and Cuarxe, Miniam F, Studies relating to the use of ; 


casei in weed rats mk 
Greenperc, Davin M., Corr, D. Hanoi, and Curnpertson, Evizasets M. Studies: 
mineral metabolism with the aid of artificial radioactive isotopes. VII, Tees ji 





tribution and excretion, particularly by way of the bile, of iron, cobalt, and 1 it 


Contents continued on inside cover page 








